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Variation of Visean Strata across the Midi Thrust,Belgium 
Sally Oberst, B.Sc. 
ABSTRACT 
The Visean strata of southern Belgium, between Namur, Aachen, 
Comblain-au-Pont and Dinant, record the deposition of shallow water 
carbonates along the southern margin of the Brabant Massif. Three areas of 
Dinantian outcrop: the Namur, Dinant and Vesdre regions were separated by 
folding and faulting associated with the Hercynian orogeny,particularly the 
Midi Thrust. The Visean series comprises three stages of which the Livian 
has been the basis for this study. 
The Visean sediments comprise numerous cycles 2-20m thick which are 
interpreted as being dominated by shallowing upwards sedimentary sequences. 
Petrographic study of the nine carbonate lithofacies has revealed three 
microfacies associations which are broadly described as bioclastic 
(microfacies as soc ia t ion 1), microbia 1- algal (microfacies association 2) 
and micritic-peloidal (microfacies association 3). These microfacies 
associations occur in the same order in each cycle, although their 
component microfacies may not. Although there are signs of subaerial 
exposure at the top of cycles, well developed subaerial exposure horizons 
are rare. Calcrete formation is limited to zone or subzone boundaries and 
is well developed close to the Brabant Massif. The palaeoenvironment is 
interpreted as a warm, shallow water, carbonate platform, which dipped 
gently southward, from tidal flats in the north. 
Early diagenesis of these sediments was facies specific and commonly 
occurred under marine phreatic conditions. Early meteoric diagenesis is 
only patchily developed. Later effects of burial diagenesis are common to 
all sediments. 
Although close to areas of Hercynian earth movements, there are no 
signs of synsedimentary tectonics in the Livian sediments. Later movement 
was rest.~icted to open folding, faulting and thrusting. Bentonite layers 
are the only evidence of local volcanism. They increase in thickness and 
abundance towards the east and this is presumed to be the direction of 
their source area. 
Only slight lateral variation in sedimentation suggests that there was 
minimal separation between the Namur region and Vesdre-North Dinant region 
at the time of deposition. The sedimentological observations presented 
here, provide limiting conditions for palaeogeographical reconstruction 
and tectonic controls. Crustal shortening and dE:!collement by northward 
thrusting was the main form of earth movement. The effect of movement 
along the Midi Thrust was to juxtapose predominantly submarine sediments 
from below fair weather wave base (Dinant region) and nearshore peritidal 
deposits (Namur-Vesdre region). Since the original width of the platform 
is unknown, the amount of displacement along the thrust is uncertain. A 
m1n1mum of about 20 km displacement along the thrust is believed to have 
affected the Dinantian sediments. 
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Introduction, Previous Work and Palaeontological Observations 
1.1 Aims of the thesis 
The principal aim of this thesis is to describe the sequence and 
assess the variation of sedimentary rocks comprising the Lower 
Carboniferous, Livian Formation of Southern Belgium, to provide a 
detailed facies analysis and build up a palaeogeographic reconstruction 
of the area within the regional tectonic framework. Carboniferous 
outcrop in Southern Belgium occurs in three main areas: Dinant, Namur 
and Vesdre regions (Fig l.;l). After deposition these three areas were 
affected by regional earth movements and juxt.aposed by faulting and 
folding associated with the Variscan Orogeny. The Midi Thrust separates 
' the Namur region in the north from the Dinant and Vesdre regions to the 
south and east respectively.; A brief study of the effects of the 
Variscan Orogeny on the Ardennes has been undertaken. From a comparison 
of sediment type and distribution, the role of the Midi Thrust during 
the Variscan Orogeny and its effect on each area will be deduced. 
1.2 Areas of Study 
Dinantian sediments occur at outcrop in the southern part of the 
country.; They form the northern part of the Ardennes. The Ardennes is 
the general name given to land lying to the south east of the Brabant 
Massif i.;e. most of southern Belgium. The outcrop of Dinantian strata 
in southern Belgium is shown on Fig lolo This also distinguishes the 
Dinant (south), Namur (north) and Vesdre (east) regions. These three 
1 
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Fig 1. 1a Outcrop Pattern of Dinantian Strata in Southern Belgium 
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2 km 
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Fig 1. 1b North- South Cross Section along the Meuse Valley from Namur to Dinant 
distinct regions will be referred to throughout the thesis. Exposure is 
mainly in used and disused limestone quarries and railway cuttings. A 
few natural outcrops occur along the valleys of the rivers Meuse, 
Hoyoux, Ourthe, Samson and Vesdre.; These cut north-south through the 
Dinant region and provide a valuable, though poor, source of data. 
In the Namur region, the sediments have been folded into an 
asymmetrical syncline, with a shallowly dipping northern limb and a 
steep to overturned southern limb (Figl.lb). The Namur syncline forms 
the northernmost part of the Ardennes. Sediments of the Dinant region 
have undergone gentle to open folding and structurally the whole region 
forms a major syncline. In the Dinant region, Carboniferous sediments 
are the youngest outcropping rocks. The Dinant syncline is 
characterised by the presence of Lower Devonian metasediments and it is 
separated from the Vesdre region by a ridge of the same metasediments. 
The Vesdre region is generally accepted as an extension of the Dinant 
region as .it lies to the south of the Midi Thrust and the sediments 
have been folded as in the Dinant region. They have also been thrust 
northwards along several NE-SW trending thrust faults• Carboniferous 
sediments exhibit palaeokarst features at their top and are overlain by 
Mesozoic sediments• 
•.' 
To the north of the Namur syncline lies a low plateau known as the 
/ 
Brabant Massif. This comprises Precambrian and Lower Palaeozoic rocks 
which were deformed by the Caledonian Orogeny and are now unconformably 
overlain by undeformed, younger sediments. 
1.3 Methods 
The standard techniques for recording information in the field 
were employed in the course of this study, notably the construction of 
3 
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Fig 1.2 Location of Principal livian Formation Ou~crops in Sou1hern Belgium 
• 
graphic summary logs, notes on the lateral consistency or variability 
of sediments and the use of field sketches and photography• 
Sections were logged with the use of a tape measure and drawn up 
on graph paper, most commonly at a scale of 1:50• Most quarry faces 
could be studied in only one dimension• Samples collected in the field 
were studied using thin sections, polished slab sections and acetate 
peels which were stained with Alizarin red S and potassium ferricyanide 
(following Dickson, 1965) to ascertain their mineralogy• X-ray 
diffraction, scanning electron microscopy with EDAX, cathodolumin-
escence, electron microprobe and stable isotope analysis techniques 
were also used• These are discussed at relevant points in the text and 
appendices• 
1.4 Facies Analysis 
Towards the close of the 19th century, Walther (1894) noted the 
significance of facies and facies analysis and defined his 'Law of the 
Correlation of Facies'• He wrote 'the various deposits of the same 
facies areas _and similarly the sum of the rocks of different facies 
areas are formed beside each other in space, though in cross section we 
see them lying on top of each other •·••·•• it is a basic statement 
of far reilching significance that only those facies and facies areas 
can be superimposed without a break that can be seen beside each other 
at the present time•' Facies analysis has formed an important 
part of the environmental interpretation in this study• A facies is 
here defined as 'a body of rock with specific characteristics'• Thus an 
individual lithofacies is a rock unit defined on the basis of its 
distinctive lithologic features such as grain size, bedding 
5 
characteristics and sedimentary structures (Reading, 1978; Miall, 
1984). Microfacies are small units of rock defined by their composition 
and textural characteristics as revealed by petrography. 
The most useful combination of rock descriptions for this study is 
lithofacies for field observations and microfacies for laboratory 
study. The classification of Dunham (1962), modified by Embry and 
Klovan has been used• Petrographic study of these carbonates was 
fundamental to their description, comparison and interpretation and 
involves the recognition of microfacies to enable investigation of 
these highly variable sedimentary rocks. The lithofacies and 
microfacies which have been defined in this study are described in 
sections 3, 4 and 5 and summarised in Tables 3.;1, 5.;1 and 6.1.; 
Facies analysis uses information from the litho- and microfacies 
of a collection of beds to assist in the interpretation of depositional 
' 
environments of sedimentary rocks. This leads to a description of the 
palaeogeography existing at the time a rock unit was deposited.; 
Individual facies vary in interpretive value but certain groups of 
facies may occur together and be related, environmentally or 
genetically, forming facies associations• Identification of facies 
associations assists the task of environmental interpretation and the 
. : 
development of a facies model.; In identifying facies associations, it 
is important to notice breaks in the sedimentary sequence, as these 
might represent any number of environments whose products were 
subsequently removed. Drafting of a facies model has involved a 
comparison of modern and ancient environments taking into consideration 
variations due to evolution of plants and animals, and changes in 
climate and sea water which may have affected the patterns of 
6 
sedimentation.; 
The facies model has been used as a framework for observation and 
a prediction for environmental interpretation.; In this study a 
simplified picture of the depositional environment has been developed, 
although an idealised cycle cannot be drawn up pner l:o tki~ t-Jovk. 
1.;5 Stratigraphy 
Since the early 19th century, Belgian geologists have strived to 
define stratigraphical boundaries for the Vis~an.; Dumont (1830) 
provided the earliest Dinantian lithostratigraphical subdivision: 
Upper, Productus rich limestone.; 
~iddle, dolomite.; 
Lower, crinoidal limestone.; 
Research work during the late 19th century on the occurrence of 
marine fossils, in particular, coral and brachiopod faunas of the 
Dinantian by de Koninck (1842), Gosselet (1860), Dupont (1865) and 
other geologists, lead to the introduction of biostratigraphical 
divisions by Delepine (1911) based on varieties of Productus (Visean) 
and Spirifer (Tournaisian) (Table l.;l).; 
Local lithostratigraphical terms were already in existence which 
did not coincide with these new biostratigraphical divisions. A number 
of stratigraphical divisions have been produced during the 20th century 
in an attempt to define the Dinantian sequence and are discussed at 
length by Fourmarier (1954).; Gradually the Visean and Tournaisian have 
been subdivided, both lithologically and biostratigraphically.; 
7 
Lithostrat igraphic terms were all of local derivation and they are 
restricted laterally.; 
v Productus giganteus 
VISEAN lV Productus cora 
111 Productus sublaevis 
11 Spirifer cinctus 
TOURNAI SIAN 1 Spirifer tornacensis 
TABLE l.;l Biostratigraphical divisions.; (Delepine, 1911) 
A new chronostratigraphical subdivision for the Dinantian of the 
British Isles was introduced by George et al.; (1976) and extended to 
Belgium.; The use of chronostratigraphy is becoming increasingly 
• important though still widely misunderstood.; Conil et al. (1977) 
proposed new additional stage names for the Dinantian; Hastarian, 
Ivorian, (Tournaisian) Molinacian, Livian~and Warnantian (Visean).; 
Paproth et al.; (1983) reviewed data to compile a revision of bio- and 
lithostatigraphical subdivisions. The present subdivisions accepted by 
Paproth ~t al.; (1983) are shown in Table 1.;2.; The Visean stages are 
' : 
based on foraminiferal assemblage zones (Conil and Lys, 1964). Although 
foraminifera were used in chosing local boundaries of some stages in 
the Dinantian proposed by George et al.; (1976), no similar 
foraminiferal zones have been proposed in Britain• They do not coincide 
exactly with the British stage names defined by George et al.; (1976)• 
* Sil\C(_ these: "'-f.;;) u~t /IQ.:MtS ~e. ~Y "'ev b2Qr\. CAC~ i~~o.Jl 1 ~t 
uvio-."'- i~ ~fv{eot to roo.. 'lW~ ~·~kovvv w-s ~is. 
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Series 
z 
<( 
,w 
en 
> 
-
Stages 1 Zones 2 
.'~:. 
foraminifera conodonta 
Warnantian Cf6 Cc5 
Livian Cf5 
Molinacian Cf4 Cc4 
Members 
V3c 
V3b 
V3a 
V2b 
V2a 
V1b 
V1a 
British Stages 3 
Brigantian 
Asbian 
Holkerian 
Arundian 
Chadian 
1 Paproth et al 1983 
2 Demanet 19158 
Conll and Lya 1864 
3 George et al 1876 
l 
Table 1.2 Stratigraphic subdivisions of Visean 
(after Paproth et al, 1983) 
lo6 Depositional History 
The Dinantian sediments lying to the south of the Brabant Massif 
comprise a thick sequence of carbonate sediments. These extend 
laterally from the Aachen region of West Germany (Kasig, 1980) through 
Belgium and Northern France (Hoyez, (1971) into the Mendips (Lees and 
Hennebert, 1982).; Sedimentation patterns in South Wales and parts of 
Eire are also similar.; Many of these Visean sediments in southern 
Belgium are thought to have been deposited in a shallow epeiric sea to 
the south of the London-Brabant Massif.; 
During the Visean, areas to the north and south of the Brabant 
Massif subsided, encouraging rapid sediment deposition. Subsidence to 
the north and south of the Brabant Massif created the two main areas 
for Livian sedimentation.; These were the Campine Basin to the north and 
the Namur-Dinant Basin to the south.; The Campine Basin contains 
different limestone facies. The two areas were totally separated by the 
Cambro-Silurian Brabant Massif and its eastern extension the Booze-le-
Val Dieu ridge.; The Dinantian trough, although initially much deeper 
than the northern Namur region gradually filled with lagoonal sediments 
during the Lower Visean.; Lower Visean deposits record a gradual 
shallowing of the depositional environment and normal marine salinity 
; -~ 
seawater. 
Middle Visean deposits record two different types of sedimentary 
environment.; The lower, V2a is represented by a pale, oolitic, massive 
limestone. A conglomerate horizon, the Bane d'Or, separates this from 
the rhythmic limestones of the V2b.; The ~olinacian-Livian boundary is 
commonly placed here.; V2b sediments record variations between rich 
bioclastic marine limestones and fine grained poorly fossiliferous 
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micritic sediments. 
The early Upper Visean (Warnantian) cyclic shallow water carbonate 
deposition is gradually interrupted by terrigenous deposits. The 
partly rhythmic V3c consists of interbedded sands, shales, limestones 
and cherts.; Coal bearing beds and rootlet horizons occur overlying the 
shales and argillaceous limestones. 
Breaks in sedimentation are rare in the Dinant and Vesdre regions. 
They are more common in the Namur region, particularly in the 
northeast. Gullying, karstification and angular discord~nces occur in 
this north eastern region. The Visean sequence is incomplete and 
variable between exposures.; This study has concentrated on the 
sediments to the south of the Brabant Massif in which sedimentation was 
essentially that of a limestone shelf or platform.; 
Allochthonous sediments of the Dinant syncline lie adjacent to 
similar but autochthonous sediments of the Namur syncline. The Vesdre 
region is considered to be an extension of the Dinant Region (Paproth 
et al.;, 1983).; A number of faults and thrusts run subparallel to the 
edge of the Brabant Massif• These are particularly conspicuous in the 
Vesdre region. Less common are small normal faults which lie 
perpendicular to the Massif• 
Thi~ research has involved a comparison of the Middle Vis,an 
deposits across southern Belgium. The V2b or Livian Formation is 
approximately lOOm thick• It is noted for its development of rhythmic 
facies of alternating bioclastic~packstones and wackestones. 
Livian sediments are divided into five members: ot, ~, 'lf• & and£ 
by Michot (1963) on the basis of grouping cycles of similar 
palaeontological character (Table 1.;3).; The micropalaeontological 
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characters defined by Michot (ibid) have been revised numerous times by 
Conil and Lys (1977). Conil et al• (1977 1 1978). Belgian geologists 
tend to have confined their studies to micropalaeontology. 
This study has shown that V3a sedimentation is similar to that of 
the V2b and it is therefore included in the Livian Formation• This 
decision is in agreement with the foraminiferal zones defined by Conil 
and Lys (1964). Livian Formation sedimentation was summarised by 
Paproth et al• (1983) as follows: 
20 cycles; bioclastic at the base. becoming 
V3ao< 
increasingly rich in stromatolites. 
V2b£ 4 cycles; pale in colour. abundant stromatolites 
V2b5 No cycles; bioclastic unit with bedded cherts 
V2b~ 6 cycles; diverse biota 
-r ~cles 
V2bp 1 cycle; 20m thick. kaolinite layer in upper part 0 cePe__ 
V2b0( 13-15 cycles; fauna gradually increases in 
- <jru_s. 
abundance and diversity 
: 
Table 1.3 Livian Formation (after Paproth et aL. 1983) 
1•7 Rhythmic Deposition 
Michot and his students at the Universite de Liege studied the 
rhythmicity of the V2b sediments at the eastern end of the Namur 
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Region. Three dissertations were devoted to studying the palaeontology 
and relative thicknesses of cycles in the V2b (Gerards. 1955; Simon. 
1963; Hocq. 1964). These. although primarily palaeontological. began to 
reveal the lateral continuity of constituent cycles within the V2b. 
Pirlet (1963. 1964) described the same characteristics in the V2b 
sediments of the Dinant syncline as had been described in the Namur 
Region• Conil et al• (1978) suggested that these cycles might be 
similar to the transgressions and regressions defined in the Dinantian 
of Great Britain (Ramsbottom. 1973) and inferred aneustatic origin for 
cycle deposition. 
1•8 Cycle Boundaries and Definition 
The Livian (V2b-V3a) is composed of numerous. thin, repetitive 
sedimentary sequences which for this study will be termed 'cycles'. 
Each cycle comprises a series of sedimentary rocks. deposited in a 
· similar order• Within such a repetitive sequence. it is necessary for 
reference to chose an arbitrary point to call the base of a cycle. The 
base of a cycle is taken at the base of the lowest bed in a sequence of 
coarse grained, bioclastic grainstone beds which overlie pale. 
homogeneous micrite beds. which are taken as_the top of the underlying 
cycle• T~~ uppermost beds of micrite may have been broken up into an 
intraformational conglomerate• Intraformational conglomerates are well 
developed over o.l-0.3m towards the top of the pale. homogeneous 
(n.go.~) 
micrite in some cycles~ The matrix of these intraformational 
conglomerates becomes increasingly rich in skeletal debris towards the 
base of the next cycle• Where several intraformational conglomerates 
occur, the highest flakestone. which is overlain by persistent 
bioclastic grainstone beds is taken as being the top of the cycle. 
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The cycle changeover is taken at the base of the bioclastic 
grainstone beds because this is usually a clearly defined plane. As 
noted above, at some localities, several intraformational conglomerates 
may occur within a cycle, whereas elsewhere, there may be no 
conglomerates developed. It is easiest therefore to take a horizon 
which is common to all localities. Rarely, the top of a cycle is 
slightly weathered out, leaving a prominent tabular bioclastic bed at 
the base. A Signs of an erosion surface, hardground or boring and 
encrusting organisms eve: r'"'Ofe~ seen at the changeover between cycles. 
Rarely, slight scouring (1-Smm deep) into the top of the underlying 
cycle occurs. 
The cycles studied in the southern Dinant Region comprise 
alternating beds of skeletal or oolitic grainstone and skeletal 
wackestone or mudstone• There is no easily discernable rhythmicity in 
the pattern of sedimentation. Pale homogeneous micrite beds are 
extremely rare and associated intraformational conglomerates do not 
occur. 
Cycles in the Namur, Dinant and Vesdre areas, can be divided into 
two parts: a) a lower, dominantly bioclastic grainstone is overlain by 
. : 
b) an upper mainly peloidal and stromatolitic wackestone to mudstone. 
Cci-apt« 3) 
The lower part comprises lithofacies LFl- LF4._ and these equate with the 
(~5) 
microfacies association MFl• The upper part comprises lithofacies LF6-
"-
LF9, and is represented by microfacies associations MF2 (microbial 
/blue-green algal wackestone) and MF3 (peloidal wackestone). 
1.9 Bedding and Pseudo-bedding 
In the lower part of a cycle, the base of a bed is commonly marked 
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by a coarse grained poorly sorted assemblage of bioclasts• Commonly 
one family of, e.g. brachiopods dominate the initial assemblage over 
the basal 20-50mm. A more diverse MFl fauna combines with the 
brachiopods to decrease the sediment grain size, producing a slight but 
uneven fining upward sequence. Sorting and mixing of the component 
clasts improve towards the top of a bed. Bed thickness decreases 
through a cycle. At the base, beds may be up to lm thick (average 0.5m 
thick, exceptionally 1o5m). Bed thickness is related to texture and 
constituents. In the lower part of a cycle, beds are o.3-1.5m thick, 
thinning in the upper part to o.os-0.2m thick. 
The lower part of each cycle is partitioned by fairly regularly 
spaced planes which divide the limestone into layers o.2-lm thick (mean 
0.4m). From a distance these planes are prominent, because weathering 
has eroded recessive grooves in the outcrop face, giving the appearance 
of bedding planes• They are planar to slightly undulose. Each layer 
seems to be persistent at outcrop (<lOOm), but are not identical 
I 
between outcrops. Rarely anastomosing planes occur. On closer 
inspection, in the field and in thin section, these planes are 
concentrations of stylolites, 50-lOOmm thick with one major stylolite 
horizon at the centre coincident with the weathered surface. The number 
of stylolites decreases rapidly away from the main stylolite and few 
stylolite traces occur in the middle of the limestone layers• The 
relief along a stylolite is less than lOmm• Generally, there is no 
lithological variation across these stylolite surfaces in the field or 
in thin section and there is no evidence remaining along the plane 
indicating an original terrigenous mud parting• Lithological variations 
occur within the layers produced by the stylolite• These variations are 
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true bedding planes which have not been picked out by weathering• The 
base of bedding planes are marked by changes in texture and grain size. 
Commonly medium grained, moderately sorted packstone& and grainstones 
at the top of one bed are overlain by coarser grained, poorly sorted 
packstones and grainstones at the base of the next. Contacts are sharp, 
some may be erosional or undulose. These have greater correlation 
potential than stylolitic horizons. Simpson (1985) found similar 
stylolite surfaces in the Lower Carboniferous of South Wales. He has 
invoked the term 'pseudo bedding' to describe totally diagenetic 
layering which is parallel to primary depositional bedding, but has 
been produced by the generation of more or less evenly spaced 
stylolitic surfaces during burial diagenesis (section 7.7)• 
1.10 Composition of Fossil Assemblages 
Fossil assemblages are useful as an additional indicator of local 
physical, chemical and biological conditions in the depositional 
environment. The biota give information about water depth, current 
strength, substratum type and salinity, assuming that the bioclasts 
have not been transported far from their site of growth and that there 
have not been significant hiatuses in deposition within cycles. Even 
,_. 
so, the resultant assemblage of fossils may have little similarity, in 
terms of species composition, with an original community which it may 
be supposed to represent, because of the lack of preservation of soft 
bodied fauna. The assemblage may or may not preserve all the elements 
of a community with hard parts. Trace fossils which occur locally may 
be the only evidence of soft bodied organisms• The study of fossil 
assemblages has not provided a sufficiently detailed result to identify 
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particular communities coexisting on the platform. 
No attempt has been made to quantify the palaeontological data in 
detail. This is largely due to the fragmented nature of large 
components relative to smaller ones and the inability to identify 
bioclastic fragments in detail, giving a biased vie~ of the number of 
individuals present. Much of the fauna comprises microfossils. There 
are lateral and vertical inhomogeneities in the faunal assemblages 
which in addition to limited sampling might increase inaccuracies. The 
two methods used for establishing microfacies were point counting and 
categorizing the fauna into groups: rare, present, common and abundant. 
Some of the faunal elements are identified to genus level, but even 
this is not possible with several families. Although bioclastic 
identification is only to a low level, it is hoped that the observed 
general patterns of variability are not significantly affected. 
The bioclasts in each cycle belong to the same families, species 
and genera. There is little development or evolution of the fauna and 
flora through the Livian Formation sediments. In each cycle bioclasts 
occur in a similar order. Local species abundance is discussed in each 
microfacies description. 
Microfacies association ! (ste sechiM.. 5.1) 
The MFl faunal asssemblage is rich and diverse. It is present 
throughout the lower part of each sequence with certain phyla or 
families becoming locally abundant. 
Bioclasts compose 70%(±20%) of the rock in the lo~er part of each 
cycle. The term bioclast is understood to mean fragmental particle from 
the breakdown of a calcareous shell, test or skeleton, regardless of 
whether its breakdown ~as mechanical or caused by organic agents. In 
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most of the microfacies described, shell breakdown is thought to have 
occurred prior to compaction. The most abundant skeletal constituents 
are brachiopods, corals, echinoderms, bryozoans, foraminifera, calci-
spheres and green algae. 
Brachiopods are abundant but not very diverse. The most important 
elements are Linoprotonia corrugatus, Gigantoproductus and Composita. 
Several other unidentified brachiopod species may be represented by 
broken and disarticulated valves within the microfacies of MFl. 
Brachiopod spines and valves commonly form debris beds.; 
Brachiopods are abundant and show a moderate diversity; not all 
the species present have been identified• Spines are commonly found 
within the sediment, locally they are still attached to productid 
bracpiopods.; It is thought that productids lived partially buried in 
soft sediment and used their spines for anchorage. Other brachiopods 
• which were attached by their pedicle required a firmer substrate. 
Generally, brachiopods are not closely controlled by temperature, 
turbulence or depth, but are known.to flourish in normal salinity water 
in relatively shallow depths on the continental shelf. Brachiopod 
spines are common in many Palaeozoic pelletoidal and bioclastic 
wackestone& and grainstones which are thought to have been deposited in 
shallow lagoonal and inner platform environments (Flugel, 1982). Modern 
brachiopods are known to attach to soft organic materials which are not 
easily preserved, from which it may be inferred that the original 
substrate of fossil brachiopod attachment may no longer be preserved. 
Corals are usually compound rugose forms and the most abundant 
species is Lithostrotion martini. Lithostrotion irregulare and L. 
araneum are locally important. L. araneum occurs as a marker horizon at 
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Fig 1.3 Lithostrotion araneum, marker for base of V2b~ 
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the base of the V2b~ (Fig 1.3). The tabulate coral Syringopora ~ also 
occurs throughout the Livian Formation• Heterocorals are represented by 
Hexaphyllia mirabilis and Heterophyllia ornata. Coral abundance is 
dramatically reduced at the top of the V2b sequence (Poty 1981). 
Corals are thought to have required warm, shallow, clear water of 
normal to near normal marine salinity to enable growth. Water depths of 
(15m have been suggested as an optimum (Clarkson, 1979). Their growth 
is inhibited by salinity above or below that of normal marine 
conditions and by suspended sediment in the water. 
Rugose corals lived preferably on soft sediment and having no 
effective means of anchorage after their juvenile stage, relied on 
their own mass to keep them stable within the substrate (Dodd and 
Stanton, 1981). The small tabular nature of Lithostrotion colonies 
reflects their inability to support a tall corallum in this 
environment. Syringopora is thought to have preferred protected areas, 
with quiet water and muddy substrate. Neither tabulate nor rugose 
corals could survive strong wave action• 
Echinoids and crinoids are recorded only by the presence of 
individual spines, plates and ossicles, so that detailed identification 
has not been possible. They are present throughout the cycle in varying 
. : 
abundance. 
Echinoid and crinoid skeletons are broken up following death, 
through decay and disarticulation or the action of scavengers. They can 
survive in a wide range of temperatures, salinities and depths but tend 
to be abundant in normal marine salinity water at relatively shallow 
depths• They do not depend on a particular substrate and commomly form 
a large proportion of skeletal debris in autochthonous sediments• 
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Bryozoan fragments occur as well preserved colonies within the 
patch reef, elsewhere they are common locally: the most abundant are 
Fenestella ~ but stenoporid trepostomes and some fistuliporids also 
occur. The patch reef is described in section 5.1.6. 
Bryozoans form on stable substrates in stenohaline conditions. 
Massive colonial and encrusting (Fistulipora) bryozoans can survive 
slightly turbulent water, whereas the more delicate types (Fenestella) 
indicate calmer waters• Patch reefs on shelves of modern seas, rise up 
into the wave base, close to sea-level, creating flat topped organic 
build-ups of thick unbedded lenses of unfossiliferous carbonate. 
Green algae and foraminifera are important sediment contributors. 
The principal green algae are Koninckopora !E•• Beresellid (kamaenid) 
algae occur in abundance in certain beds within lithofacies LFl. 
Beresellid algae are particularly common in the Carboniferous (Mamet 
and Roux, 1974)• Ungdarellid algae (red algae) are also present. 
Species of Girvanella occur in MFl as well preserved filaments. G. 
fragila? is known only from the southern Dinant region. Different 
species of Girvanella are thought to be responsible for coating 
bioclasts. 
Dasycladacean i.e. Koninckopora and beresellid algae are abundant 
in MF1.3 and present in minor quantities in many MFl sediments. They 
are important sediment contributors, although their actual numbers 
within the total fauna may not have been particularly significant. This 
is because their skeletons do not appear to disaggregate after death in 
the same way as red algae• They are thought to have flourished in 
shallow water, usually in depths of about 5m, below the level of 
intense wave agitation, tide level or in protected areas because they 
2! 
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tend to inhabit soft, loose sand or mud substrate. Dasycladacean algae 
also prefer normal marine salinity with good water ciculation although 
they can tolerate 50-60% salinity or brackish water (Wood, 1940; Wray, 
1977). Recent forms of Dasycladacean algae occur in tropical to warm 
temperate climates. Beresellid algae ~re important producers of Caco3• 
They are commonly associated with lagoonal facies. They are more rigid 
than Girvanella and can form a framework which traps and filters 
sediment (Cnudde and Mamet, 1983). The Ungdarellacae (red algae) 
probably disaggregated more readily, which would explain their rare 
occurrence (Riding and Jansa, 1974). They have been described from 
shelf-shoal facies of interior carbonate platforms, usually in peloidal 
packstone& associated with wackestones and calcispheres. They can 
tolerate water depths from intertidal to lOO's of metres (Riding and 
Jansa, 1974; Toomey and Johnson, 1968). It is uncertain whether they 
• preferred a firm or soft substrate. They may inhabit environments 
similar to those preferred by green algae. 
Blue-green algae occur in both MFl and MF2 assemblages. Recent 
forms are most common in intertidal regions, although they may occur in 
much deeper water. They grow on soft muddy substrates and are commonly 
associated with tropical to sub-tropical tidal flats• They can survive 
temporary subaerial conditions. 
Girvanella is attributed to blue green algae (Pia, 1927) and is 
thought to occur in shallow water environments, extending into slightly 
deeper water offshore. It may have preferred to have been fixed to the 
substrate and may have formed a carpet on the sedimentary surface of a 
lagoon, or encrusted skeletal debris. It is commonly found in marine, 
shallow shelf carbonate environments. Girvanella may have formed a 
22 
sedimentary framework which has since decayed or been masked by 
micritisation. Girvanella is well preserved in unmicritised sediment, 
e.g. around Dinant. Cnudde and Mamet (1983) suggested that the presence 
of Girvanella may be underestimated in many muddy lagoonal facies where 
it is less obvious. 
Algae depend on light for photosynthesis and growth. It has been 
suggested therefore that they are good indicators of depth. However, 
Riding (1975) noteed that different species of Girvanella can inhabit a 
wide variety of environments, so that unless algae are correctly 
identified their use as depth indicators may be limited. He suggested 
that depth limits for Recent calcareous algae may be both narrow and 
well defined, but that these fine zones may be difficult to recognise 
in ancient rocks such as those of the Palaeozoic. 
Another of the major contributors to the MFl assemblage are 
foraminifera. Much taxonomic work has been done by Belgian geologists 
on the Visean foraminifera. Foraminifera, in particular the 
Endothyridae and Archaediscidae are abundant and diverse. Conil and Lys 
(1977) has noted that the Archaediscidae family diversify above the. 
V2b~ member. The foraminifera assemblage records a transitional phase 
between the Arundian and Asbian faunas (Paproth et al. 1983).; 
The Holkerian assemblage of foraminifera marks the transition from 
the Arundian to Asbian faunas. All foraminifera were benthic and the 
shallow shelf seas of the Carboniferous provided habitats which were 
favourable for their radiation. The fauna is rich and diverse; many are 
of the suborder Fusilinia, particularly the suborder Endothyracea 
(Fewtrell et al. 1981).; Koskinotextu1aria and Quasiendothyra nibelis 
are most abundant in the Livian Formation and are therefore used as 
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guide fossils (Conil et al. 1979). Many species of foraminifera are 
restricted to a narrow range of conditions. They tend to be sensitive 
to temperature, salinity and turbulence. Two Livian families, 
Pseudoammodisciae and Tetrataxis are known to tolerate stenohaline 
conditions alone. Their absence in certain microfacies may indicate 
slightly restricted circulation. They are in fact rare in most 
microfacies. Pseudolituotubae are thought to have flourished in 
moderately turbulent water conditions (Conil pers. comm.)• Benthic 
foraminifera are also dependent on the nature of the sea bed. The 
Archaediscidae family, abund_ant in lagoon and platform sediments, 
adapted to micritic rich conditions and are more common in wackestone 
sediments (Fewtrell et al., 1981). 
Calcispheres (single chambered, hollow spheroid fossils) are only 
locally diverse. They may range in size from 60-225fm in outer diameter 
and have a wall 10-30pm thick. A variety of calcispheres exist, some 
have more complex outer walls or spines protruding. Thick, radial 
walled spheres (Pachysphaera), spined spheres {Parathurammina), double 
spheres (Diplosphaera) and simple spheres (Archaesphaera) are the most 
common types. Calcispheres were classified by Conil et al. (1979) as 
subdivisions of foraminifera; however, their affinity remains 
uncertain. They note that the variety of structures included within the 
calcispheres grouping may be derived from a variety of different 
organisms. 
Calcispheres are abundant in certain parts of the sedimentary 
sequence, such as MFl.S. Stanton (1963) suggested that calcispheres 
might represent some form of plant spore or reproductive body. Conil 
and Lys (1964) interpreted calcispheres as simple foraminifera and 
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defined a foraminiferan classification system including them. Rupp 
(1967) noted the similarity in size and wall structure of non-
ornamented fossil calcispheres and reproductive cysts of living 
calcareous Dasyc ladacean algae. More recently Marszalek (197 5) 
described the calcisphere producing alga Acetabularia in South Florida. 
It seems probable that many fossil calcispheres owe their origin to 
Dasycladacean algae and are therefore of use as palaeoenvironmental 
indicators. If so, they would indicate warm, shallow marine water 
possibly with restricted circulation• Each Dasycladacean species has 
its own mode of calcification and produces its own wall structure. In 
the microfacies described, they are more common in sediments which have 
few or no remains of green algae. Lins (1976) concluded that 
calcispheres although delicate, might survive slight transport by 
extremely gentle water movement into adjacent quiet water areas or fall 
from the alga and be trapped in the sedimentary surface below. 
If calcispheres were produced by green algae, their abundance must 
indicate that conditions were favourable for the reproduction of green 
algae. Calcispheres have been observed in abundance in restricted 
lagoonal environments of Devonian reef complexes (Flugel and Hotel, 
1971).; 
Bivalves are benthic and endure a diverse range of environments. 
No species identification has been achieved and their occurrence is not 
common enough to use them as environmental indicators. 
Sponges are very rare• Conodonts, miospores and acritarchs have 
not been recorded from this succession in any abundance• Within the 
V2b, Groessens (1974) reported local conodont occurrences within shaley 
bands in the upper parts of some Livian cycles• Sponge spicules occur 
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locally in lenses of wackestone sediments. 
A general look at the fossil contributors in microfacies 
association 1, indicates warm, shallow water, of near normal marine 
salinity. Water circulation was probably good, although the majority of 
the fauna could not survive turbulent conditions. The substrate was 
probably soft, sand or mud with abundant shell debris or local coral 
colonies providing harder surfaces. Similar conditions were probably 
encountered on the platform during the deposition of the Livian 
Formation sediments. Geographically, modern platform environments of 
abundant carbonate production such as the Bahamas tend to form shallow 
lagoons where sediments are well oxygenated. Each microfacies records 
slight variations in local conditions. 
Microfacies association 2 (~ -sec.h:£M S.2..) 
The change from the faunal assemblage of MFl to that of MF2 is 
rapid and accompanied by a decrease in grain size to predominantly 
muddy sediments• Many of the bioclasts in the MFl assemblage are 
absent: echinoids, crinoids and one or two species of brachiopod are 
joined by blue-green algae in abundance, gastropods, ostracods and some 
bivalves. Blue-green algae, gastropods and ostracods make up the bulk 
of the assemblage. 
In the transition from the lower to upper part of the cycle, the 
fauna is severely and rapidly reduced. The most common brachiopod 
species remaining is Composita which occurs articulated at the base 
of MF2, especially in MF2•1• Debris of an MFl faunal assemblage occurs 
locally; few bioclasts are identifiable. Gastropods and ostracods 
(unidentified species) increase in variety but are still not very 
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abundant. Blue-green algae, in particular Girvanella ~ and Ortonella 
and poorly preserved microbial organisms replace the green and red 
algae of the MFl assemblage. Sedimentary texture resembling 
Spongiostromata is commonly seen within MF2 sediments. This is assumed 
to be poorly preserved remains of micritised microbial organisms and 
blue-green algae. 
The brachiopod Composita can tolerate restricted circulation and 
slightly hypersaline conditions. Blue-green algae are commonly found in 
intertidal environments, where they colonise soft mud substrates. They 
are characteristic of modern tidal flats (Black, 1933, Shinn et al. 
1969, Logan et al• 1974) and in MF2 are poorly preserved in algal 
laminites and stromatolites. Gastropods are most diverse in normal 
marine water with slight turbulence and on hard substrates rather than 
unstable or very soft sand and mud. They are commonly associated with 
algal laminated and micritic sediments. Ostracods flourish in shallow, 
warm, quiet water of a carbonate platform. However, they can tolerate 
a wide range of temperature and salinity although their diversity 
decreases with decreasing salinity. They are most common in shallow 
water and are too small to survive turbulent conditions. 
Small prostrate and vermiform gastropods occur individually within 
·-' 
stromatolites, encrusting laminae. Vermiform gastropods are an uncoiled 
form of gastropod which flourish on hard substrates (Keen, 1961). 
Modern equivalents can build reef-like structures in clear agitated 
warm water of tidal environments. The distinction between vermiform 
gastropods and serpulid worms is based on differences in their 
preserved wall structures. The occurrence of vermiform gastropods, 
possibly previously described as serpulid or spirorbid worms, in Lower 
27 
Carboniferous shallow sub-intertidal carbonate facies of the Lower 
Border Group of Northern England and southern Scotland is noted by 
Burchette and Riding 0977). They suggested that vermiform gastropods 
preferred quiet, intertidal to shallow subtidal environments with fine 
grained sediments, such as algal laminae. They are capable of 
tolerating moderate salinity fluctuations. 
The rapid depletion of the fauna may reflect even quieter, 
shallower water and more restricted water circulation between MFl and 
MF2/3• Restriction may have been caused by local hypersalinity, a lack 
of oxygen, slight stagnation or high temperatures. There may be a 
tendancy on very broad shelves for wave and tidal energy to be 
sufficiently dampened that water movement is minimal. The limited 
presence of this fauna, despite a local diversity associated with well 
developed tidal flat deposits, suggest that restriction may have been 
due to increased salinity or possibly to temperature. LF6 and LF7 
contain a restricted biota, which is similar to those of the early 
Carboniferous hypersaline environments (Burchette and Riding, 1977; 
Burchette, 1986). 
Microfacies Association 3 (see ::;ediCM 5. 3) 
Tbe.MF3 faunal assemblage is even more reduced than that in MF2. 
Rare gastropods and ostracods occur. Locally, lenses of MFl shell 
debris occur. Bioturbation is abundant, burrows or totally homogenised 
sediment are the evidence for a soft bodied infauna living within the 
MF3 sedimentary environment. 
The fossil assemblage of MF3 is significantly reduced from that of 
microfacies association MF2. Ostracods, gastropods and some bivalves 
exist. This is interpreted as meaning that water ciculation became even 
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more restricted than in MF2. In both MF2 and MF3 rare horizons of fine 
grained MFl shell debris occur ~ithin micritic sediment. All bioclasts 
are very small, some are micritised• These debris beds are probably the 
finest material that was carried by storm currents across tidal flats 
and deposited along ~ith fine grained micritic sediments in either a 
pond or very restricted lagoon. Bioturbation is common. It is assumed 
that the sediment surface and immediate subsurface was soft and 
probably subaqueous. 
. : 
29 
CBAPTK1l 2 
Characteristics of shallow water carbonate sedimentation 
2.1 Introduction 
The most favoured realm for carbonate sedimentation is clear, 
warm, shallow water in areas where little or no terrigenous material is 
introduced. Important areas of modern carbonate deposition are on 
continental shelves, platforms or ramps in tropical to sub-tropical 
regions with warm ocean currents or near areas of upwelling. Many 
skeletal organisms occur preferentially in the shallow photic zone of 
normal marine salinity seawater. Although some sediments may be 
transported shoreward and some basinward by currents, most carbonate 
grains accumulate as detrital particles, havin~ fallen from their 
growth position or remained close to where the producing organism died 
and decayed. The general features of modern peritidal carbonate 
environments have been extensively documented and criteria for facies 
recognition are well established e.g. Fig 2.1 (Shinn et al., 1969; 
Purser, 1973; Ginsburg, 1975; James, 1979; Enos, 1983; Shinn 1983b). 
This bri~f overview of carbonate sedimentation centres on modern 
regions which are of particular relevance to the facies observed in the 
Livian Formation of southern Belgium. 
2.2 Shallow Water Carbonate Sedimentation 
Numerous modern shallow water carbonate environments have been 
studied (Ginsburg and James, 1974). A variety of subdivisions of 
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Fig 2.1 Block diagrams showing major morphological elements of a tidal flat 
normal marine.tldal flat 
bordering an elevated well-drained area 
of low swamp algal marsh 
In a humid climate 
similar to t~~Bahamaa 
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(after Jamaa Ul78) 
hyperullne tidal flat 
bordering a nry arid da .. rt 
almllar to the Areblan Gulf 
SUPRATIDAL ELEVATED 
idealised depositional patterns have evolved. Shaw (1964) and Irwin 
(1965) produced early facies patterns which were later expanded by 
Wilson (1974). 
Platforms have different profiles. Enos (1974) suggested a simple 
platform classification. Read (1985) summed up a number of gradational 
morphologies between platform, ramp and shelf with their expected 
sedimentary sequences. Hine and Neumann (1977) noted that platform 
profiles may vary over a short distance along strike. In the case of 
the Little Bahama Bank they identified five individual platform 
profiles.; 
Water depths on modern platforms tend to be 5-lOm with widely 
developed shallow subtidal to intertidal domaines and local skeletal 
sand shoals. Water circulation and energy vary between platforms, 
shelves and ramps.; Those areas subject to high energy such ocean swell 
and tides are likely to develop sand shoals or reefs. 
Geographically, modern platform areas such as the Bahamas tend to 
form shallow lagoons where sediments are well oxygenated. The Bahamas 
lie within the tropics and are ideal areas for abundant carbonate 
production. Marine salinity may vary from normal to hypersaline, 
depending ·pn evaporation and restrictions to seawater circulation. 
Texturally, sediments vary according to the energy regime in the 
depositional environment. Grain size and sorting of carbonate sediments 
cannot be related to the depositional environment in the same way as in 
clastic sediments because of the autochthonous and biogenic nature·of 
many of the original carbonate particles. Bioclasts of a normal marine 
fauna are commonly slightly broken. Sediment reworking can cause the 
dispersal of limited fossil occurrences. Patch reefs are known on 
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modern platforms e.g. Bermuda, Florida and Belize ( Boscence et aL, 
1985). They have irregular shapes, usually with steep sides and their 
vertical development is limited by water depth. Their development may 
be controlled by underlying topography and previous reef positions. 
Sediments on Great Bahama Bank and Florida (Bathurst, 1975) are 
stabilised in shallow, quiet water by marine grasses (Thalassia), blue 
green algal mats and calcareous algae. They stabilise sand and decrease 
the current velocity near the sediment surface• Mudstones and skeletal 
wackestones fill lows on the platform, whereas shallow shoals are 
commonly composed of ooid, peloid and bioclast grainstones. These all 
acquire shallow water fossil assemblages. Emergent shoals may develop 
local beach and supratidal facies. 
Ginsburg (1956) concluded that biogenic particles in the bottom 
sediment off the Florida Reef Tract reflected the general aspect of the 
living biota and hence the environmental conditions• Bathurst (1975) 
suggested that Recent sea floor sediment in the Bahamas represented an 
insignificant remnant of the organic and ecological systems which 
contribute to it. In spite of this, a comparison of ancient and Recent 
carbonate sediment is worthwhile in an environmental interpretation and 
depends op.identification of particle types and sedimentary textures. 
Wilson and Jordan (1983) suggested four diagnostic criteria for 
the recognition of shallow water carbonate shelf facies: 
- a normal marine biota, 
- a generally muddy wackestone to packstone sediment texture with patch 
reefs and shoals producing local accumulations of boundstone and 
skeletal grainstone, 
- variable bedding thickness with· local lens and wedge shaped or 
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interbedded shales, 
- they typically include burrowing, extensive bioturbation and nodular 
bedding. 
Restricted shelves may be areas with poor water circulation 
resulting in abnormal salinity, depleted nutrients or extreme 
temperatures (Enos, 1983). Restriction that reduces normal wave or 
current energy may be caused by reefs, islands, skeletal or non 
skeletal sand shoals, producing lagoons or in the absence of a 
physiographic barrier, from the dampening effect of vast expanses of 
shallow water. Irwin (1965) suggested that the combination of a very 
gentle slope, extremely shallow water and the great width of carbonate 
platforms might tend to eliminate tidal currents through frictional 
drag before they could impinge on the mud flats• This would result in 
even lower energy conditions on broad platforms. However, on ramps, the 
gentle gradient and lack of a barrier results in agitated shoreline 
conditions. Thus on a platform, width is an important factor in 
determining the platform facies patterns. Salinities may vary according 
to season, climate or access of terrestrial runoff. Restricted waters 
are commonly subject to high or low temperature extremes, and to oxygen 
and nutrient depletion. 
' .~. 
Lateral facies relationships are important in the recognition Qf 
shelf environments, particularly restricted facies in the rock record. 
Semi-restricted subtidal environments do not produce particularly 
distinctive facies (Enos, 1983). Landward, the facies change from 
restricted shelves and lagoons to subtidal or shoreline environments. 
Where these show signs of restriction it tends to be more dramatic than 
seaward equivalents. Low energy depositional conditions within a 
,. 
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restricted environment allow the development of micritisation, boring, 
metal oxide staining, encrustation and other indicators of slow 
accumulation rates. Mechanical abrasion, reworking, rounding and 
sorting of carbonate grains are at a minimum. 
Carbonate mud is present in abundance in shallow water carbonate 
environments. Carbonate mud may be detrital, having formed from the 
disintegration of skeletal particles or by inorganic precipitation. 
Cloud (1962) showed that mud peloids were composed of aragonite needles 
and suggested that these well formed crystals may have been derived 
from algae. At death, algal skeletons disintegrate to fine crystals of 
aragonitic calcite. However, not all muds have such well formed 
crystals (Matthews, 1966). Other skeletons such as molluscs and corals 
also break down producing fine grained skeletal silt and mud (Stockman 
et al., 1967; Neumann and Land, 1975). Waves, currents and feeding 
predators such as endolithic boring algae reduce skeletal debris to 
silt and clay particles. Many skeletons are formed of ~inute aragonite 
or high Mg calcite crystals.o Neumann and Land 0975) suggested that 
algae can produce more sediment than can be accommodated on bank tops. 
They observed a slight movement of sediment on the platform, lime mud 
from prec,ij>itation or skeletal breakdown is carried to quieter water to 
. -~. 
be deposited. James (1979) proposed that most carbonate sediment formed 
in shallow subtidal zones and was transported either onto the tidal 
flats or offshore to the adjacent slope or basin. 
Sand shoals develop in high energy zones and tend to separate low 
energy deeper water offshore from low energy shallow water lagoonal 
sediments. They occur most commonly near the seaward edge of a 
platform, bank or shelf, but are a~so found on topographic highs in 
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deeper water. Sand shoal geometry results from tidal and storm 
generated currents. Storm currents wash sands into a lagoon. tidal 
currents flush them out again (Hine. 1977).; Sand shoals can be 
differentiated by their distribution and structural attributes (Ball. 
1967). They are associated with reefs. beaches and lagoons. Most modern 
studies of carbonate sand shoals are on the bank margins of the Bahamas 
and Southern Florida (Harris 1 1979; Newell et al.; 1 1960). In shallow 
carbonate environments, the sand source is usually autochthonous of 
biological or physiochemical origin. In the Palaeozoic. echinoderms. 
brachiopods and arthropods were important skeletal sand producers. 
Imbrie and Buchanan (1965) documented the dominance of biogenic 
structures over cross bedding in the intertidal and subtidal areas 
where organic activity is relatively more important than bottom 
traction. 
The development of sand bodies requires a source of sand sized 
sediment and a mechanism for removing sediment smaller than sand grain 
size. A change in shelf slope may provide a focus for factors that 
promote carbonate sand production including wave impingement on the 
bottom, upwelling, strong tidal currents and enhanced biotic activity. 
Within t~e interior of carbonate banks and platforms, active sand 
shoals may be situated on or near topographic highs.; They may respond 
to wind generated currents which enhance the removal of lime mud. 
2.3 Peritidal Facies 
Interest in modern carbonate tidal flat studies was initiated by 
Black (1933) who studied the algal colonisation of Andros Island, in 
the Bahamas. During the past few dec~des. sedimentology and diagenesis 
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of modern carbonate tidal flats has been studied. Ginsburg (1956) and 
other geologists have examined the tidal flats of the Bahamas·and 
Florida. It was realised that there were sedimentary structures and 
textures on a tidal flat which delineated the depositional 
environments. These ideas were applied to fossil sequences (Laporte, 
1967; Roehl, 1967). This subsequently lead to the description of other 
modern carbonate tidal flats, notably the Arabian Gulf and Shark Bay, 
Western Australia and to the documentation of different styles of tidal 
flat deposition in the geological record• The Bahamas occur in a humid 
climate, described for example by Shinn et al., (1969), Hardie, (1977) 
and Gebelein et al., (1980) and many other authors; the Arabian Gulf is 
an example of an arid area described by Kinsman (1969), Kendall and 
Skipwith (1969a), Purser, (1973) and others and Shark Bay (semiarid) in 
Western Australia has been described by Logan et al., (1970, 1974) and 
Hoffman (1976). These have been accepted as modern analogues of 
ancient tidal flat environments: however, other factors such as waves, 
tides, hydrology, sea-level variation, topography and sediment supply 
may be poorly represented in some of these areas, whilst having played 
an important role in the past. Ginsburg 0975) compiled brief 
descriptions of the salient features of a wide variety of ancient and 
r.'.· 
modern tidal flat environments. A disinction may be made between muddy, 
low energy intertidal and grainy, high energy intertidal sequences 
(James, 1979). 
The peritidal environment is commonly divided into supra-, inter-, 
and subtidal regions. The supratidal environment is the region above 
mean high tide level which is subject to subaerial exposure except 
during storms or flood tides. Inter.tidal regions lie between normal 
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high and low tide level and may be exposed once or twice daily 
depending on the local tidal regime and wind conditions. Subtidal 
sediments develop below mean low tide level and are rarely exposed to 
air. Within these sediments numerous subenvironments exist. Early 
studies of Recent Bahaman sediments e.g. Beales (1958) have been 
expanded by Shinn et al. (1969) and Hardie (1977). Laporte (1967), Roehl 
(1967) and Friedman (1969) are but a few examples of suites of 
sedimentary features which have been identified in ancient sequences. 
In the Bahamas, variation in relief allows rapid change from subtidal 
to supratidal within the intertidal area, for example from tidal 
channel to levee. In the Arabian Gulf, a lack of relief means that the 
tidal flats tend to be truly intertidal• 
Subtidal Environments 
Subtidal areas include offshore marine, tidal-channels and ponds. 
Modern offshore marine areas may be extensive, comprising highly 
burrowed, grey pelleted muds with abundant algae. These coarsen and 
become more cemented grading into ooids and skeletal sands away from 
the shore. Any signs of an originally reducing environment such as 
that observed in the modern Bahaman sediments have been removed, e.g. 
no pyrite: remains. Subtidal areas, except tidal channels are a vital 
source of sediment required for the accretionary growth of tidal flats• 
Muddy marine sediments in shallow, low energy conditions, within 5km of 
the intertidal zone may be stirred up into suspension and transported 
onto the tidal flats by storm tides (Shinn, 1983b). Subtidal sediments 
are mainly pelleted muds which vary in grain size, composition and 
hardness. They tend to be homogenised by burrowing and lack sedimentary 
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structure. Grapestones are clusters of carbonate sand grains, bound 
together by encrusting algae or micritic cement. They are thought to be 
typical of shallow water settings with slow sedimentation rates. During 
their formation, mechanical abrason, reworking, rounding and sorting 
are at a minimum within a low energy environment• 
Modern tidal channels may have a variety of appearances. In the 
Arabian Gulf, large channels occur between barrier islands whereas 
smaller, straighter channels occur on the tidal flats• On Andros 
Island, tidal channels form a broad meandering system, similar to 
fluvial systems with levees on either side creating 'ponded areas' 
between the channels (Shinn et al~l969). In Shark Bay, small scale 
creeks develop (Logan, 1974). These migrate laterally across the 
intertidal area. This produces much greater variation in relief across 
the intertidal region. Channels support coarse grained sediments, with 
some skeletal fragments and often with intraclasts· of peloidal mud or 
cemented crust which form a lag at the base. These may be overlain by 
ripple cross lamination. 
Tidal flats may be active (channeled) or passive (unchanneled). 
Tidal channels give rise to a sequence of skeletal lag and skeletal 
peloidal ~rainstone deposits l1ith cross-bedding in areas where 
bioturbation is slight or absent. Passive tidal flats leave abundant 
evidence of bioturbation, pond and algal marsh deposits. The 
difference in sedimentation may be related to the sediment supply and 
shoreline orientation with respect to storms. There are marked lateral 
changes in peritidal sedimentation and early diagenesis between leeward 
and windward shores as observed on Andros Island (Hardie, 1977) and 
along the Trucial Coast (Purser and Evans, 1973). Passive tidal flats 
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are oriented oblique to oncoming storms, tidal range is low and 
sediment production rates high in adjacent shallow subtidal areas. 
Unfortunately, passive tidal flats have not received as much attention 
as their active counterparts. 
Despite the limitations described above, the sediments, 
sedimentary structures and fauna from modern tidal flats have been 
described in great detail• Information from these sources has been 
used to interpret the original subenvironments of thick ancient 
sequences of micrite and peloidal mud. 
In the Arabian Gulf, tidal channels are much larger, near the 
shore, (Fig 2.1). The sediment surface is covered by algal mats which 
bind wind blown quartz and dolomite sand. Gypsum and anhydrite are 
found in abundance. Any sediment deposited above the water table is 
likely to dry out and be blown away limiting the preservation to inter-
or subtidal sediments• The Bahaman sediments are ~imilar to lagoonal 
to intertidal deposits of the Arabian Gulf, that is lime muds, 
fenestral wackestone& and algal laminites. However, evaporites and 
terrigenous deposits are absent. Bioturbation is prevalent in the 
Bahamas, and may seriously reduce the preservation potential of these 
carefully divided sub-environments. 
The·third subtidal environment comprises the ponded areas, which 
are created between levees and tidal flats. This environment does not 
exist in the ~rabian Gulf, where as tidal channels are relatively 
straight and have no levees, there is little variation in relief across 
the area. The humid climate of the Bahamas combined with frequent 
flushing by marine and fresh water prevents the ponded area from 
becoming oi.l.sLc.c.o.hcL. Salinity depends on the amount of rainfall relative 
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to marine influx, but in the Bahamas tends to remain fairly close to 
normal marine salinity. Pond sediments are highly bioturbated micrite 
with no sedimentary laminae but some unbroken fossils (usually 
gastropods and foraminifera). Their appearance is similar to subtidal 
offshore marine deposits. Bahaman sediments appear mottled due to 
organisms burrowing through both oxidised and reduced sediments. Pond 
deposits are not very distinctive from other intertidal sediments. 
2.3.2 Intertidal Environments 
As described above, in the Arabian Gulf the intertidal area is a 
broad plane dissected rarely by tidal channels. It is associated with 
supratidal deposits to landward and subtidal deposits to seaward, but 
these sediments tend not to interfinger. In the Bahamas, intertidal 
sediments are closely associated with both subtidal and supratidal 
deposits. Intertidal areas are most abundant in the wide channeled belt 
but also occur seaward of beach ridges. Around ponds, algal marshes 
develop creating thin algal laminae with layers of mud or poorly sorted 
peloids• Black (1933) noted geographic belts, each with distinct algal 
growth forms on Andros Island. Algal mats have become closely 
associated with peritidal deposits.; Algal mats may occur in the sub-, 
inter- or supratidal zone. If they are subject to prolonged exposure, 
. ·~ . 
they may disintegrate to dust. Logan et al. (1964) delineated groups 
of algal mats which occur in various parts of the tidal flat 
environments of Shark Bay and many authors have described stromatolites 
in modern and ancient tidal flat sequences. There have been suggestions 
that different forms of stromatolite are significant with respect to 
their depositional environment (Logan et al• 1964; Aitken, 1967 and Ahr 
1971).; 
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Closely interlayered micrite, cryptalgal laminae, peloidal 
micrites and local peloidal grainstone& are developed. Sedimentary 
structures are commonly absent in both modern and ancient intertidal 
sediment accumulations. This is attributed to homogenisation by 
burrowing organisms. Intertidal sediments are very similar in 
appearance to adjacent ~ubtidal sediments, with the exception of tidal 
channel sediments. Whole gastropods are found throughout the sequence 
but skeletal debris occurs only in storm layers in these sediments. 
Tidal flat sediments of modern environments are deposited as 
layers of sand sized pellets• These may form cross-bedded laminae, be 
dolomitised or destroyed by compaction• Beach sediments are intertidal 
and represented in the Bahamas by peloidal mud, skeletal sand and 
intraclasts, on Andros Island, often by ooids. 
Laminae on tidal flats may have a sedimentary origin or be 
, produced by algae. Algal mats can trap wind blown dust or sediment 
carried by water. Algae then recolonise the new sediment surface 
producing a distinct lamination of detrital material. During storms 
large quantities of sediment settle on individual intertidal and 
subtidal flats. In these zones abundant burrowing organisms churn and 
homogenis~ . the sediment soon after the deposition of storm layers so 
that sedimentary structures may only rarely be preserved. The harsh 
conditions of supratidal environments severely reduce the biota 
especially in more arid areas with extreme salinities. Plant life is 
restricted, but where suitable conditions for their survival exist, 
their roots may destroy all sedimentary structures. 
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2.3.3 Supratidal Environments 
The supratidal area forms an extensive belt parallel to the land 
and merges laterally into continental deposits above the reach of the 
highest storm tides.; Locally supratidal environments may develop on 
levees on the outer bends of meandering tidal channels within the 
intertidal zone or on the back side of low lying beach ridges. 
Supratidal environments are represented by sabkha, in arid climates, 
marsh in humid climates, levee and beach ridge environments.; The 
mechanics of sedimentation in each of these areas are very different, 
producing a variety of distinctive sedimentary structures.; There is a 
difference between sedimentary structures formed on levees and beach 
ridges and those of a marsh or sabkha (Hardie 1977). 
The sabkha environment is cut rarely by tidal channels; on marshes 
channels tend to be slightly more common. The environment is very 
extensive, usually forming the landwardmost part of. the tidal flat belt 
and separating land from the channeled intertidal zone. 
Due to exposure, salinity in the marsh environment decreases 
landward if the quantity of rainfall is sufficient. Moisture is 
fundamental to micro-organism growth; without it stromatolites dry out 
and disintegrate. Marsh areas are characterised by thick storm layers 
and algal~mats. Sabkhas however are characteristic of arid regions and 
commonly have hypersaline groundwaters. 
Storm tides carry soft pelleted sediment which only tends to 
settle out when the water comes to rest on the supratidal flats.; 
Supratidal storm layers are typically recorded as layers of graded 
pellets.; Rippling, although commonly associated with subtidal sediments 
may be generated in supratidal facies. Horizontal laminae, whether 
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graded or ungraded, thick or thin, with or without cross-bedding are 
restricted to supratidal and upper intertidal conditions. Their 
presence is controlled by burrowing organisms. Sedimentary laminae were 
probably present in all environments prior to the development of 
extensive infaunas and browsing organisms in the·Late Proterozoic to 
Lower Palaeozoic (Garrett, 1970, Hofmann, 1969). 
Between storms, organic, carbon rich algal material proliferates. 
Individual storm and algal layers may extend laterally for tens of 
metres. Such thick algal mat layers generally lack individual laminae 
in levee and beach ridge environments. They tend to be coated by blue 
topographic highs in the Bahamas are noted to have 
thinner algal mats which develop thin, lightly cemented aragonite 
and/or magnesium calcite crusts with some dolomite (Hardie, 1977). 
Storm layers in the supratidal deposits of th~ Bahamas are important 
but sporadic as it is only hurricanes which have sufficient force to 
flood marsh areas. The rarity of hurricanes allows thicker algal mats 
to develop than in areas attacked by less powerful, more commonly 
occurring storms. 
Levees are small transitory supratidal environments occurring on 
the outer bends of tidal channels, within the intertidal channeled 
belt. Th~y are best developed on the landward part of meanders •. On 
straighter channels, levees may be developed along both banks. Levee 
sediments are thinly laminated, each lamina being composed of graded 
peloids in fining upwards units (Shinn et al. 1969; Hardie, 1977; 
Wanless, 1969). Laminae are rarely more than a few centimetres in 
length and become more disrupted into the intertidal zone because of 
bioturbation.; Levees are only temporary features, dependent Oil the 
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movement of tidal channels. 
Beach ridges are similar to levees in their sedimentary pattern, 
although slightly larger in grain size and scale, which depends on the 
position relative to the winds and tides. Active sedimentation occurs 
on the landward side of beach ridges. Dolomite crusts form both on 
levees and beach ridges and are commonly broken up, along with less 
well cemented sediments to form flat pebble breccias• 
Levees and beach ridges are flooded frequently by spring tides 
that carry little sediment. Storm tides too deposit little sediment in 
these environmentso In both cases, the tides carry soft pelleted 
sediment which does not settle out easily from fast moving water. Any 
sediment deposited tends to form thin peloidal laminae. 
Fenestrae are considered to be a typical feature of tidal flat 
sediments when they occur in muddy rocks. They·may form as a result of 
shrinkage, gas bubble formation, air escape or wrinkles in the algal 
mat (Shinn.l983a). Various types of fenestrae have been described; 
vertical, laminoid, irregular, tubular with environmental associations 
inferred (Grover and Read, 1978; Somerville and Gray11 1984). They may 
commonly contain geopetal internal sediment (Grover and Read,l978). The 
presence of fenestrae and well preserved pelletal texture is considered 
to be evidence of supratidal deposition and early cementation; however, 
they may be reduced by compaction (Shinn and Robbin, 1983). 
In some ancient sequences it can be difficult to differentiate 
between subtidal and supratidal deposits. A study of cements may not be 
particularly helpful as all the sediments might develop marine acicular 
fibrous aragonite• Generally accepted signs of exposure in supratidal 
conditions are lithification to form surface crusts which may develop 
45 
cracks or fracture into polygons (i.e. mudcracks, tepees, polygons, 
flat pebble breccias). The size of mudcracks depends on thickness of 
the sediment layer. Thicker sediment layers produce more widely spaced 
polygons. Hardie (1977) suggested that the size of cracks was due to 
exposure and the thickness of sedimentary lamination. Organism activity 
can destroy all signs of mudcracks• Tepee structures and related 
brecciation were described by Assereto and Kendall (1977) as being 
common in marine vadose, fenestral and pisolitic limestones and 
dolomites of carbonate platform sequences in upper intertidal to 
supratidal zoneso 
· Depending on the climate, in arid areas evaporites may be expected 
to develop, or intensive subaerial diagenesis may create a caliche 
surface or palaeosol• Calcareous crusts are considered to be signs of 
subaerial exposure• Many Holocene examples have been studied and 
compared with similar ancient examples. (James, .1972; Harrison and 
Steinen, 1978). 
Intraclasts may be developed by erosion and redeposition during 
storms on supratidal flats or in subtidal channels where they form a 
part of tidal channel lags. Hardening and cementation of muddy sediment 
is commonly restricted to supratidal conditions; the supratidal area 
produces-most of the tidal flat intraclasts. Material eroded from muddy 
subtidal and intertidal environments is generally in the form of 
grapestones, individual pellets or mud sized particles and fossils. 
This type of sedimentation has been documented following the effects of 
Hurricane Donna (Ball et al., 1967). 
Hardie and Garrett (1977) have shown that onshore storms are the 
exclusive mechanism of deposition on Three Creeks tidal flats, Andros 
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Island. They consider that lo~ tidal energies and surface sediment 
binding by algae, prohibit sediment transport by tidal current~ and 
that storm induced currents can carry sediment onto tidal flats. Both 
clastic and carbonate tidal flats sho~ this: in Florida Bay (Ginsburg 
1975), North Sea (Reineck, 1972), Shark Bay (Logan, 1970), Laguna Madre, 
Texas (Hardie and Garrett, 1977) storm tides are considered to be the 
only mechanism of deposition. 
Destruction of layering by grazing and burro~ing organisms is a 
characteristic feature of modern carbonate tidal flats, except in 
hypersaline areas such as Hamelin Pool, Shark Bay. Neumann et al• 
(1970) record that algal mats are sufficiently strong to bind the 
sediment surface, protecting it from erosion by tidal currents but that 
they are less effective at stabilising the sediment surface in areas of 
intense bioturbation. Recycling and mixing of sediments as a result of 
bioturbation can produce coarser grain sized peloids or pellets than 
the original mud sediment. Burro~ing organisms produce extensive 
net~orks in muddy marine sediments of supratidal, intertidal and 
subtidal zones• Shinn (1968) concluded that inactive burro~s could 
remain open for 1000 years beneath 2.5m of sediment. He did not observe 
compacted burrows. 
Tida:l flats develop best in the lee of islands. Islands restrict 
circulation and turbulence allowing finer grained sediment to 
accumulate. Gaps in islands or reefs may coincide with tidal channels• 
Ooid shoals develop preferentially at the mouths of channels bet~een 
islands. It is unlikely that muddy tidal flats could develop on 
platforms exposed to wind, ~aves, tides and storms. 
Modern tidal flat environments may or may not have a normal marine 
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salinity water. They tend to produce similar deposits, with varying 
degrees of bioturbation depending on the organisms which can survive in 
the particular conditions. 
Many of the diagnostic features of tidal flats occur in a range of 
subenvironments• The added effect of bioturbation jumbles all these 
together. To allow more flexibility and achieve a more accurate 
description of environments than sub-, inter- and supratidal Ginsburg 
et al• (1977) introduced an exposure index in which sedimentary 
features are related to the proportion of time during which they are 
exposed• Smosna and Warshauer (1981) have tried to apply this idea to 
Silurian sedimentary rocks. Instead of assigning percentage exposure 
levels, they produced a cluster analysis scheme and ranked each 
resultant group to produce a semi-quantitive measure of the degree of 
exposure within the tidal flat environment. In ancient deposits it 
requires too much extrapolation to define absolute exposure indices in 
detaiL 
·-' 
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CHAPTER 3 
Lithofacies Descriptions 
Chapters 3, 4 and 5 describe the sedimentary petrology and 
subsequent facies analysis of the Livian Formation by means of 
lithofacies as recognised in the field (chapter 3 and 4) and 
microfacies as identified in the laboratory (chapter 5). Each 
microfacies description is followed by a brief discussio~ of possible 
depositional environments. This discussion is made with reference to 
modern platform carbonate depositional environments which have been 
described in chapter 2 and to other details relating to Belgian Visean 
deposit ion given in chapter 1. A summary of 1 i thofacies is given in 
Table 3.1 and microfacies in Table 5.1; a combination of litho- and 
microfacies in Table 5.2. 
3.1 Introduction 
An individual lithofacies is understood to be a rock unit defined 
on the basis of its distinctive lithological features. These include 
composition, grain size, bedding characteristics and sedimentary 
structures. Since the majority of the sediments in this study are 
carbonates, the proportion and type of bioclasts are an important 
feature of lithofacies identification. Sediment grain size is commonly 
related to the constituent bioclasts• The sediments are generally 
shades of grey, although some lithofacies have distinctive colours. 
Colour variations from one lithofacies to another may be sharp or 
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TABLE 3.1 
Lithofacies Classifications 
Thick bedded dark grey bioclastic grainstone-packstone LF 1 
Thin to medium bedded grey bioclastic mudstone-wackestone LF 2 
Massive grey framestone LF 3 
Bioclastic black calcareous shale LF 4 
Thin bedded unfossiliferous mudrock LF 5 
Thin bedded pale grey bioclastic-algal wackestone LF 6 
Thin bedded pale grey oolitic-bioclastic wackestone LF 7 
Thin bedded pale grey peloidal wackestone LF 8 
Matrix) supported intraformational conglomerate 
Clast ) 
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gradational and may reflect the nature of the lithofacies transition. 
Coarse grained bioclastic sediments usually have a dark weathered 
surface appearance, with a fairly similar colour on fresh surfaces. 
Micritic sediments show a greater range of colour; they are commonly 
very pale grey to white on the weathered surface but may vary through a 
range of grey to brown colours on fresh surfaces. In microbial to 
peloidal dominated wackestone and mudstone sediments their colour 
changes may vary both vertically and horizontally. 
The Livian Formation comprises predominantly carbonate sediments 
which may or may not be arranged in a cyclic pattern. The lithofacies 
described below are the constituent members of the Livian Formation. 
In those cases where the sediments occur in cycles there is a 
common sequence of deposition (Fig 3.1). In the lower part of a typical 
cycle, LFl is a coarse grained, thickly bedded bioclastic grainstone 
which passes gradually in to LF2, a finer grained more thinly bedded 
bioclastic wackestone. Within the sequence LF1-LF2, bioherms and 
biostromes (LF3) may be developed. These are usually small tabular 
coral colonies (0.2-0.3m high, 2-15m across); one example of a bryozoan 
patch reef is known (10m high, "'50m diameter). Interbedded with 
lithofacies LF1-LF2 are rare horizons of a dark fossiliferous 
calcareous shale LF4. 
There is a gradual change in the composition and appearance of 
lithofacies from the lower to the upper part of each cycle. This change 
is recorded in the paler colour of weathered surfaces; in the 
bioclastic content in which shell debris of the lower part is replaced 
by microbial influences binding micrite and coating any remaining shell 
debris. Beds may be laterally extensive or may change rapidly from one 
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Fig 3.la V2b~-B outcrop at Bomel quarry, Namur 
-1 
Fig 3.lb Lithofacies distribution within V2bB at Bomel 
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lithofacies to another, horizontally or vertically over 0.;05-0.lm.; The 
increase in the abundance of micritic sediment gives the appearance of 
a general decrease in grain size, but the coarse grained peloidal and 
coated grains remain. In the upper part of a cycle a variety of 
stromatolites develop (LF6). The constituent microfacies of lithofacies 
LF6 and LF7 are more varied texturally than those of LF1-LF3. Coarse 
grained sediments such as ooid and bioclast grainstones to packstones 
(LF7) interfinger with mic_robial rich wackestone (LF6). Unlike the 
lower part of the cycle, beds have a highly variable nature commonly 
0.05-lm thick: they may be planar, wavy or lenticular. Beds may be 
discontinuous across an outcrop or even over 0.5m. This makes 
correlation of beds between outcrops difficult. Above LF6 and LF7, 
regularly spaced (0.05-0.;lm) planar to wavy beds of peloidal wackestone 
(LF8) return at the top of the cycle. Intraformational conglomerates 
(LF9) are developed locally through the upper part of the cycle, but 
usually at the top. The occurrence of black-yellow mudrock (LF5) is 
unrelated to the order of the cycle pattern of deposition. LFS is not 
present in all cycles, in some cycles, 4 or 5 layers of LF5 occur. 
3.2 Distribution and field character of lithofacies 
3.2.1 Lithofacies LFl - Bioclastic Grainstone 
Lithofacies LFl occurs towards the base of each cycle. Skeletal 
debris is a major constituent of LFl and records a varied fauna. Most 
commonly it comprises disarticulated and broken brachiopod valves and 
spines. Corals and beresellid algae are contributors which can be 
ide~tified in the field• In hand specimen, LFl is grey to dark grey, 
coarse to medium grained grainstone-packstone with few sedimentary 
structures. The biota is represented by a variety of brachiopods, 
echinoderms, rugose corals and algae which are the most abundant 
constituents; however, the presence of bryozoa, gastropods and bivalves 
is important. Shell debris is a major constituent of LFl and mainly 
consists of brachiopod material. Debris beds may be common at'the base 
of beds being replaced gradually by larger generally Less abraded 
bioclasts. Abraded brachiopod shell fragments at the base of beds are 
gradually replaced by larger not necessarily abraded bioclasts. The 
detailed variations in faunal content are generally only visible in 
thin section. These will be discussed in relation to microfacies 
associations. LFl commonly has a well bedded, tabular appearance and 
occurs at the base of the cycle. Bed thickness varies from 0.2-lm (mean 
0.4m). They may have smooth to undulating bedding planes and be 
continuous over distances up to 50m. In several cases they can be 
correlated between outcrops, well up to 5km, with less certainty over 
lOkm. Bedding plane contacts tend to be sharp, marked by a variation in 
grain size or a sudden change in dominant bioclast content. Rarely, the 
base of beds are erosive, overlain by coarse grained sediment, typical 
features of transgressive lag horizons (James, 1979; Wright, 1984). 
Stylolites are commonly found within limestone beds and are discussed 
in section 7.7. 
Above the cycle base, bioclasts are generally unbroken although 
shells are commonly disarticulated• Debris beds (0.05m thick) are local 
phenomena and are limited to one particular species, e.g. Composita ~ 
or Syringopora ~· In these beds, bioclasts are broken, corals are 
fragmented, brachiopod valves are uncrushed but disarticulated and 
their spines have been separated. The spines themselves may have 
trapped and been concentrated in debris beds. Shell debris beds are 
abundant at the base of LFl beds• The base of these shell beds rarely 
have scour marks or small hollows cut into the underlying sediment 
surface; normally, beds are conformable. The erosive bases and coarse 
grain size at the base of cycles are typical features of transgressive 
lag hori~ons (James, 1979; Wright, 1984). LFl beds may show a gradual 
upwards fining and sorting over distances of SOmm. 
·Matrix occurs locally, comprising very fine grained unidentifiable 
bioclastic debris and micrite in the form of small (10-3crm) peloids. 
In the Dinant area LFl may comprise irregular beds of oolitic 
grains tone (MF2.2). 
In some beds of LFl and to a lesser extent LF2 a bedded nodular 
limestone texture is developed (Fig 3.2). The nodular texture is 
irregular, the nodules are about 20mm in diameter and have stylolitic 
boundaries. Microstylolites are present at the contacts between clay 
seams and carbonate masses. 
LFl occurs in all localities. It is developed and preserved best 
in the Namur and Vesdre regions. 
3.2.2 Lithofacies LF2 - Bioclastic Wackestone 
Lithofacies LF2 is a thin to medium bedded, <O.Sm, bioclastic 
limestone overlying beds of LFL Beds are tabular to undulose or may 
have poor continuity. Fossil fragments, commonly disarticulated and 
broken brachiopod valves are evenly distributed and locally compacted 
within lime mud. Bioclasts are of the same assemblage as LFl. There is 
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0.1 m 
Fig 3•2 Stylo-nodular texture in calcareous mudstone (LFl-2) 
V2b P>, Live.s 
0.2m 
Fig 3.3 Colonies of Lithostrotion martini (LF3 i) 
Vl b~, .Bonu.L . 
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a slight decrease in the proportion of coral, bryozoan, algal and 
brachiopod fragments relative to the numbers of gastropods. LF2 may 
rarely contain unbroken brachiopod shells. Two or three beds, up to 
0.5m thick of unbroken brachiopods are a particularly distinctive 
feature of this lithology in the V2bp (0 cycle) and adjacent cycles. 
Geopetal structures are common within complete shells. The even 
distribution of bioclasts may record bioturbation. There are rare, 
scattered beds or lenses, 0.05-0.lm of peloidal, intraclast bioclastic 
grainstone, which cut downwards into the underlying wackestone. 
Bioclastic wackestones are abundant in the Dinant region and present in 
the upper bioclastic parts of cycles elsewhere• 
3.2.3 Lithofacies LF3 - Boundstone 
LF3 includes three types of massive grey boundstone. These are 
i)coral, ii)bryozoan and iii)stromatolites (algal). Coral and bryozoan 
boundstones occur in the lower parts of cycles, particularly in the 
west of the Namur region. Stromatolites tend to develop at the 
transition to and within the upper part of the cycle• 
i) Corals are the most abundant frame builders with colonies of 
Lithostrotion martini and Syringopora ~ forming small biostromes and 
bioherms, 0.3-0.5m high by 5-lOm in diameter (Fig 3.3). These tend to 
be tabular biostromes or rarely domal masses or bioherms, which grow 
upwards from bedding planes. There are few cavities within the colony 
framework. for the development of an infauna. Fossils other than the 
colony builder are rare, usually only skeletal debris from the 
overlying bed which has filled in hollows in the biostrome/bioherm 
surface. Cements are developed in the few remaining cavities and are 
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discussed later (section 7.2). 
ii) Bryozoans form the framework of a small patch reef which occurs 
near Namur. Bryozoan fragments are common elsewhere in the Namur 
region, but no other patch reefs are known. The main framework builder 
is Fenestella ~-(Fig 3.4). The open fan nature of this bryozoan 
creates abundant cavities which may contain unbroken brachiopod shells 
(Composita arid other species). These may be randomly or vertically 
oriented or rarely preserved in their position of growth. Two other 
types of bryozoan also occur, Stenoporid trepostome and Fistulipora. 
Stenoporid trepostome bryozoans grow in a stick-like manner and add to 
the framework and Fistulipora ~ encrusts surfaces and may also bridge 
small gaps, preserving large sheltered cavities beneath. This patch 
reef is 10m high and approximately 50m in diameter. Its structure and 
composition are described in greater detail in section 5.1.6. 
Both the coral and bryozoan bioherms have been coated in several 
phases by microbial organisms or blue-green algae at or following the 
death of zoaria. In the case of bryozoans these coats may be up to lOmm 
thick. Coral and bryozoan boundstones tend to be dark brown-grey, with 
colony shapes clearly weathered out on many surfaces. 
iii) The binding action of micro-organisms possibly cyanobacteria, 
has played an important part in the development of the Livian cyles. 
Stromatolites are present in each cycle, creating beds 0.2-0.3m thick 
(rarely 0•5-lm). In this study they are considered as a part of LF6 and 
discussed in more detail in sections 3.2.6, 5.2.5 and chapter 4. Algal 
boundstones tend to be pale grey. Stromatolites may develop laterally 
continuous horizons or local mounds• Mounds are formed from columnar 
stromatolites and are considered as a part of chapter 4. In their role 
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0.01"' 
Fig 3.4 Predominantly fenestellid bryozoans, coated by microbial organisms 
(LF3 ii) 
O.lm 
Fig 3.5 Bioclastic calcareous mudstone variable thickness along bedding (LF4) 
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as stromatolite builders, bioherms 0.5-1.5m thick, 5-lOm across may 
develop. Stromatolites form irregular masses of boundstone: they may be 
tabular, domal or digitate. Cavities between stromatolite heads are 
filled with medium to coarse grained sediment and skeletal debris. 
3.2.4 Lithofacies LF4 - Bioclastic Calcareous Mudstone 
This unit consists of 0.05 - O.lm thick, black, very fine grained, 
finely laminated, fissile limestones. It occurs most com~only in the 
western Namur region. It may comprise densely packed (up to 60%) 
fossil fragments, of one particular species. These are commonly rugose 
corallites (Lithostrotion), although brachiopod valves and Syringopora 
~ also occur. Laminae are thin, up to lOmm and impersistent. LF4 may 
have a nodular appearance, with small stylolite planes between nodules. 
Thickness of these units is variable along exposure (Fig 3.5). They are 
commonly discontinuous over distances greater than 10m and pass 
laterally into thicker beds of LF2.; Bioclasts are commonly surrounded 
by small stylolites.; The number of LF4 mudstone beds varies from one 
locality to another: they may be the result of local susceptiblity to 
compaction. The bioclasts within the shale seem to be unaffected by 
compaction. In some cases this is due to early silicification of 
bioclast fragments. 
3.2.5 Lithofacies LF5 - Unfossiliferous Mudrock 
This is a thinly bedded unit 0.02-0.25m thick, composed of finely 
laminated mudstone. LFS occurs in all regions at any position in a 
cycle and is conformable with bedding. Contacts with underlying and 
overlying limestone beds are sharp; however, these adjacent surfaces 
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may be undulose. Mudrock beds may easily be eroded due to weathering or 
pressure from an overburden and may occur within a re-entrant in the 
quarry face. Mudrock beds are commonly concealed by the growth of 
plants. LFS tends to be buff to ochre in colour on weathered exposures 
(Fig 3.6). Previously unexposed beds are black, or less commonly shades 
of grey, green or blue. On exposure these gradually become speckled 
with millimetre sized ochre patches and after several years of exposure 
become ochre in colour throughout. The ochre colour is thought to be 
derived from limonite produced from the oxidation, due to exposure, of 
authigenic pyrite, which has accumulated in these clay rich beds. No 
traces of pyrite have yet been found in XRD analyses. Fresh samples of 
this mudrock are either a soft plastic (moist) or crumbly (dry) 
consistency. Beds of LFS are devoid of fossils• 
Beds of LF4 and LFS are easily distinguished in the field. LF4 
beds are harder, a consistently dark grey-black colour, have a rich 
fossil content and shaley bedding. 
The thickness of each mudrock unit may remain constant across an 
exposure, but over larger distances they may be impersistent. Beds may 
thin to 2mm or totally disappear, whereas in other situations they may 
thicken to 0.25m Rarely, the thicker mudstone horizons can be 
correlated between outcrops, e.g. LFS bed in the V2b~. X-ray 
diffraction analysis of this mudrock horizon shows a high proportion of 
calcite and quartz. The clay content is mainly mixed-layered illite-
montmorillonite and kaolinite (see appendix B). The number of beds of 
LFS present in a cycle is variable.; LFS horizons are more abundant in 
cycles in the Vesdre region. They tend to occur more commonly between 
LF8 sediment, where they may be only 50-lOOmm thick. 
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To determine whether any variability or uniformity could be found 
within these clay-rich beds between localities, XRD analyses were 
carried out, since thin sections proved to be too difficult to prepare 
from these soft clay rich sediments. The limited number of fresh 
samples has reduced the accuracy and effectiveness of this study. 
Although not identical in mineralogy, these mudrocks have a 
moderately high clay mineral content in relation to the rest of the 
Li vi an Formation. Kaolinite and i lli te-montmori lloni te .-mixed layer 
clays are the most common. Kaolinite is crystalline g1ving good peaks; 
illite-montmorillonite occurs in a variety of structures the most 
commonly occurring are IM and IMII lattice types (Reynolds, 1980). 
Chlorite although not ubiquitous, occurs in several mudrock beds. The 
differences in clay content at different localities may record 
variations in the amount of exposure of the limestones, differences in 
the pore waters, amount of leaching and weathering affecting each 
horizon. The insoluble residues from LF2, LF8 and LF4 were analysed for 
their clay content in a comparison. They barely contained any clay; LF4 
contained unidentified mixed layered clays and chlorite. 
Clay rich beds within limestones are commonly attributed to 
bentonites. A bentonite is defined as the clays formed by in situ 
weathering of volcanic ash in either marine or non-marine environments 
(Ross and Shannon, 1926). They are characterised by the presence of 
illite-smectite mixed layer clays and K+ ions. Kaolinite, chlorite and 
pyrite are also important constituents of K-bentonite horizons 
(Weaver,l953). The Livian mudrocks have a quartz content of <5%, which 
is also typical of bentonitic material (Walkden, 1972). 
It is therefore inferred that these mudrock beds have affinities 
with clays derived from the decomposition of volcanic ash. They are 
geochemically distinctive from the insoluble residues-of the adjacent 
limestones.The general mineralogy of LFS horizons is comparable with 
that of other Palaeozoic bentonites (e.g. Somerville. 1979). 
If these horizons are bentonites they indicate the widespread 
extent of volcanic influence during the middle Visean• Bentonitic beds 
are known in the Vesdre. Dinant and Namur regions. but are most 
abundant in the Vesdre area. Clusters of clay rich beds may indicate a 
relatively slow sedimentation rate or an increase in the frequency of 
volcanic activity. The greater number of bentonite beds in the east may 
suggest that the source area lay to the east of the Vesdre region. 
There are no volcanic centres in Belgium which are thought to have been 
active during the Visean. The nearest possible area would have been the 
Harz mountains. 
These bentoni,tes are similar to those described from the Lower 
Carboniferous of Great Britain e.g. Derbyshire Dome (Walkden.l972). 
This area preserves basalt and tuff beds and lead to the comparison of 
these clay rich mudrocks with ash beds. 
The only LFS mudrock beds which occur in most exposures are the 
persistent. thicker.beds i.e. the 'Bane d'Or' • 6m above the 'Bane d'Or' 
and the V2bp mudrock• These are the only candidates for yellow. clay-
rich mudrock marker beds. although they contain no unique features by 
which they can be distinguished• Other Livian sections have (LFS) clay-
rich deposits: thickness fluctuations. impersistence or division of 
mudrock horizons from one locality to another. together with slight 
variations in the interbedded limestones make correlation of these 
other mudrock horizons difficult. 
Fig 3.6 Yellow, unfossiliferous 
mudrock horizon 
(LF5) 
IYfl 
Fig 3.7 Stromatolite (LF6) 
surrounded by coated grain sediment (LF7) 
(Negative print of thin section) 
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Lithofacies LF6, LF7 and LF8 form the dominant members of the 
upper part of each cycle and may interbedded in the field. 
3.2.6 Lithofacies LF6 - Microbial-Bioclastic Wackestone 
This lithology forms irregular, usually very thinly bedded units• 
Beds are variable in their lateral continuity. Bed thickness varies 
laterally from 0.05 - 0.3m along a horizon. LF6 is abundant in the 
Namur, Vesdre and Dinant regions. Sediment within stromatolites is 
commonly very pale grey-white in colour and finely laminated whereas 
elsewhere micritic sediment varies in colour between black, brown, 
buff, and white. At outcrop the rock surface is distinctively 
ornamented by a variety of grey and white coloured laminated patterns. 
These patterns are thought to represent the mode of sediment binding by 
microbial mats. Sedimentary laminae are usually parallel; they may be 
planar, undulating or seemingly random. LF6 sediments are 
predominantly stromatolites closely interbedded with LF7• 
Chapter 4 de.scribes the variation from planar stromatolites to 
dome, ripple, club, pillar and column shaped stromatolites. These 
stromatolite forms may occur individually, in groups within individual 
horizons or as groups of stromatolite horizons. Tall columnar 
stromatolites can form a dense cluster which may locally develop to 
form bioherms (LF3). LF6 is a micrite rich horizon containing a few 
fragments of blue-green algal filaments (Girvanella ~ and Ortonella 
!.E.:_). Bioclastic debris is more limited than in underlying rocks. The 
most usual assemblage is of gastropods, ostracods, calcispheres and 
rare disarticulated brachiopods. A darker, coarser sediment LF7, fills 
the surface irregularities and gaps between stromatolite heads caused 
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by irregular algal growth (Fig 3.7). This sedimentary fill is a coarse 
grained, moderately well sorted grainstone of ooids, peloids and poorly 
preserved skeletal debris, commonly ostracod shells. Included in this 
microfacies are oncoid rich horizons which can form thick sequences. 
Oncoids are commonly developed prior to the extensive formation of 
stromatolites (Fig 3.8). Blue-green algae tend to use unbroken 
brachiopod shells as their nucleii for oncoid development. These shells 
may contain geopetal structures, both inverted and the cor.rect way up, 
Algal coats may be 1 to lOmm thick and tend to form evenly around 
shells. Beds of oncoids may be up to lm thic~ although the density of 
oncoids is not very high. They occur in a lime mud sediment or 
biolastic wackestone to mudstone. 
3.2.7 Lithofacies LF7 - Oolitic Bioclastic Wackestone 
This is a fine grained, pale grey to buff bioclastic wackestone 
which locally contains ooids, coated grains and shell fragments. The 
matrix varies from a structureless micrite to a fine peloidal micrite. 
This lithofacies has a slightly different appearance in the Dinant, 
Namur and Vesdre regions. In the south, it is a thin bedded, cross-
laminated oolitic grainstone. Bioclasts are not common and fine grained 
micritic peloids occur rarely between ooids. It alternates most 
commonly with LF2• 
In the Namur-Vesdre region, bedding is irregular, laterally 
continuous beds are rare; small lenses <O.lm thick of this lithology 
are commonly interbedded with LF6 and LF8. Shell debris is fine 
grained, partially micritised and usually unidentifiable. Ooids, grains 
coated thinly by blue-green algae and superficial ooids occur between 
Fig 3.8 Oncoids developed around Composita shells 
VZb~, W~ . 
Fig 3.9 Chondrites feeding-burrow system (LF8) 
Vlb ~, Ch.okitt'" . 
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stromatolite domes, forming thin 20-30mm layers of gently rippled 
sediments or small lenses (SOmm amplitude, 300mm 'wavelength') possibly 
related to some channel form. Coated grains are usually coarse shell 
fragments with regular or irregular blue-green algal coats. A coarse, 
sparite cement producing localised grainstone texture is common within 
these coarser sediments. In the field grainstones have a paler 
appearance. 
Bioturbation is also quite common; feeding trails, a·nd a variety 
of burrows including dwelling systems are present, on and under bedding 
surfaces. Different burrow types occur in separate beds. The most 
common varieties seen in the field are 3-Smm d{ameter straight vertical 
tubes, 30-40mm long. These are similar to Skolithos. Burrows of similar 
dimensions but in totally random orientations also occur. Chondrites 
shaped· feeding trails occur up to 30mm in length (Fig 3.9). The 
networks have few vertical and abundant horizontal or gently inclined 
tunnels. Tube systems are circular in cross section, about 3mm in 
diameter.; Tunnel branching occurs and may be regular, rarely ~innate 
but lacking apparent symmetry. Both of these systems occur in pale, 
peloidal or homogeneous micrite. The burrow and trail fillings are 
usually darker than the surrounding sediment. They occur from the top 
of a bed downwards, in O.lm thick beds. A less commonly observed 
dwelling burrow is Thalassinoides.; Thalassinoides networks consist of 
vertical burrowing shafts connecting usually horizontal tunnels. 
Branching tends to be Y-shaped in pattern. The burrow surfaces may bear 
scratch marks parallel to the length of the burrow. They are commonly 
filled with laminated or packed peloidal sediment. These tubes are 
significantly larger, 15-20mm wide, extending for 0.2-0.3m. They form 
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horizontal traces on the base of beds. 
3.2.8 Lithofacies LF8 - Peloidal Wackestone 
This lithofacies is a buff coloured, thinly to very thinly bedded, 
very fine grained micritic limestone. It occurs in most localities but 
is best developed towards the east. Finely laminated (lmm) wavy marl 
intercalations commonly occur between bedding planes. The lithofacies 
varies from a medium grained, peloidal micrite, locally df grainstone 
texture, to a very fine homogeneous micrite. The fine homogeneous 
micrite commonly exhibits conchoidal fracture and may have an 
appearance similar to that of porcellanous limestones described in the 
British Carboniferous. A stripey or laminated appearance to the 
surface of this rock is caused by the alternation of peloidal 
grainstones and homogeneous peloidal micrites• Fossils are rare, 
unidentified gastropods are the major bioclasts. However, bioturbation 
is common, usually in the form of small vertical burrows such as 
Skolithos or Chondrites or larger, more complex horizontal ~arieties 
such as Thalassinoides, as described in LF7. 
3.2.9. Lithofacies LF9 - Intraformational Conglomerate 
Intraformational conglomerates occur most commonly in the upper 
0.2m of a cycle in the Namur and Vesdre regions. They are usually O.l-
0.2m thick and may occur repeatedly interbedded with LF8. Flakestone 
deposits may be either matrix or clast supported. Clasts, thin angular 
flakes of fine pale micrite, range from a few mm's to O.l-0.2m in 
length. They are usually flat and rectangular suggesting partial 
lithification before they were eroded and deposited. The matrix is fine 
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grained peloidal-bioclastic wackestone as described in LF8 in the early 
stages of flakestone development but this coarsens upwards with an 
increasing proportion of coarse grained abraded skeletal debris (LFl). 
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CHAPTER 4 
Stromatolites 
4.;1 Introduction 
The Livian sediments in the Namur and Vesdre regions contain a 
rich diversity of stromatolite growth forms. These are most abundant 
in the middle to upper parts of each cycle, particularly in the V3a~. 
Individual stromatolite horizons average O.;l-0.2m in thickness, 
but a series of different growth forms can make up to half the 
thickness of any one cycle. Some stromatolite rich beds act as clear 
marker horizons. The individual growth morphology and microstructure of 
these stromatolites may provide further evidence for the depositional 
environments.; 
Previous research on the stromatolites of the area has been very 
limited. Michot (1963) noted the presence of tall columnar stromatolite 
horizons within the '-1' cycle at certain localities in the Namur 
region. Similar stromatolites were observed by Lauwers (1983) at Namur 
(Bomel). Monty (1972) briefly described V2a-V2b~ stromatolites at Moha 
(Namur region). 
The gross morphology of stromatolites may be influenced by 
environmental ·factors as discussed by Black 0933), Logan et al. 
(1964), Johnson (1961). Other authors recognise a degree of control on 
the micro- and macrostructure from the composition of the microbiota 
(Awramik and Semikhatov, 1979).; Identification of the microbiota is 
limited in ancient rocks. Monty (1972) identified numerous factors 
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involved in the construction of simple laminated structures on a modern 
stromatolite flat, which may be destroyed by compaction within the 
environment and not preserved into the sediment. Stromatolites are 
known over a wide stratigraphic range; they were most abundant in the 
Precambrian. 
The demise of stromatolites through the Phanerozoic is associated 
with the ascent of metazoans.; It is assumed, by analogy with Recent 
sediments that the abundance of stromatolites in the geological record 
is associated with the absence of those metazoans which interfered with 
microbial organisms. Adverse ecological conditions may have been caused 
by hypersalinity or by continuously migrating bedforms such as oolitic 
sands. Recent oncoids occur in subtidal environments; motion associated 
with their formation may have excluded gastropods and subsequent 
community successions.; 
Soviet geologists have published numerous stromatolite 
classifications which have been reviewed in Hofmann (1969).; Their 
classifications resemble palaeontological taxonomy, although based on 
gross morophology, lamina shape and microfabric. A simple stromatolite 
classification based on growth morphologies was proposed by Anderson 
(1950). This was developed by Donaldson (1963) and Logan et al. (1964). 
In this study a simple descriptive classification, based·on gross 
stromatolite morphology, has been used for ease of field 
identification. Stromatolites are assumed to have been formed from the 
interaction of microbial activity and sediment deposition. The 
resultant laminated structure reflects the physiological attributes of 
microbial components and associated physicochemical regimes. 
72 
4.1.;2 Recent Stromatolite Studies 
Stromatolites are being formed in fresh, brackish, normal marine 
and hypersaline conditions. Black (1933) reported blue-green algal 
laminated structures in intertidal marine and brackish waters of Andros 
Island. This work has expanded into numerous studies of the 
biological, ecological and sedimentological significance of 
stromatolites in many parts of the world. Models for interpreting 
stromatolite growth environments have been proposed by workers in the 
Bahamas, Florida, Bermuda, Arabian Gulf and Western Australia. 
Gebelein (1976) decided that stromatolite distribution and 
morphology in subtidal-intertidal open marine water was controlled by 
the widespread distribution and high abundance of grazing and burrowing 
invertebrates and the cementation of organic and organo-sedimentary 
structures. From this he concluded that stromatolite distribution and 
vertical or lateral sequence could provide detailed information on 
depositional environments. 
Logan et alo (1964) observed that modern stromatolites are 
associated with restricted environments and interpreted ancient 
environments by analogy with the Recent. The most diverse and abundant 
shallow water stromatolites known in modern seas occur in Shark Bay, 
Western Australia.; Logan et al. (1974) described how stromatolite 
distribution within a hypersaline region is controlled by desiccation, 
sedimentation, cementation and erosion by wave scour and tides: these 
controls are not always the same as in the Bahamas. Egglestone and 
Dean (1976), and Monty (1965, 1967) studied Bahaman freshwater marshes 
and deduced that algal development depended upon a flat low-lying, 
locally ponded platform with regular showers to allow algae to bloom. 
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Their morphology is affected by local relief• Monty and Hardie (1976) 
suggested that microbial organisms determine the initial stromatolite 
structure and mineralogy, with other factors becoming more important 
with time. It is difficult to relate modern stromatolite distribution, 
in which all factors, including microbiota are visible with ancient 
relatively poorly preserved situations. 
Stromatolites may be of use as a palaeobathymetric indicator: 
algae are most abundant in the shallow photic zone. Correlation with 
modern environments suggests that different types of algae inhabit 
different environments (see Wray, 1977). However, algae are known to 
inhabit deeper water. Monty (1981) discussed the presence of blue-green 
algae forming stromatolite colonies down to 150m in marine water, 
enriched in co2 , nitrates and phosphates. 
In this study, the microstructure and morphology of Livian 
stromatolites have been examined where possible• Their lateral and 
vertical associations with each other and local sediments have been 
analysed and compared with environmental models of Recent and ancient 
stromatolites. It is important to note the relative times of 
deposition of interstitial sediments before using them as indicators of 
the growth environment. For example, Monty and Hardie (1976) described 
how stromatolites in terrestrial, freshwater settings for most of the 
year, are periodically flooded by storms which redeposit subtidal 
detrital or peloidal sediment from the Great Bahaman Banks on to the 
algal growths. This interrupts and may even obliterate the normal 
sequence of sedimentary events. 
Monty (1977) provided a summary of changing concepts about the 
ecological significance of stromatolites, discussing both Soviet and 
Western ideas. Sediment binding and trapping by the microbiota are 
thought to occur in marine environments. However, carbonate may 
precipitate in situ, particularly in fresh water environments. This 
may cause fine micritic peloids to form between algal laminae. 
Carbonate precipitation in Recent stromatolites occurs as beach rock or 
during abiogenic submarine cementation processes (Monty, 1972, 
Gebelein, 1974). 
Calcium carbonate prec~pitation accompanies microbial mat growth 
and/or burial to produce lithified structures. Early lithification 
enhances stromatolite preservation potential.; Car.bon dioxide 
assimilation by micro-organisms during photosynthesis can favour 
precipitation of calcium carbonate in microbially regulated 
microenvironments in warm marine and saline lake environments. 
Modern areas of algal colonisation are sufficient~y varied that no 
single model for stromatolite development exists for the intertidal 
environment. Stromatolites found in the sedimentary record suggested 
that not all stromatolites formed in intertidal zones (Rezak, 1957; 
Playford and Cockbain, 1969). Recent subtidal stromatolites have been 
documented in Bermuda (Gebelein (1969), in the Bahamas (Neumann et al, 
1970; Dill et al. 1986) and in Shark Bay (Playford, 1973). The 
microbiota forming the stromatolite microstructure may be dependent on 
the chemistry of the water, whereas the gross morphology may be 
dependent on the environment• 
4.2. Stromatolite Microstructure 
The internal structure in stromatolites comprises laminae which 
bind sediment~ Within the Livian stromatolites, three types of laminae 
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have been distinguished: algal filament, micritic and peloidal.; These 
may occur individually or in combinations.; Different types of 
microstructure may indicate different microbial organisms or 
communities influencing growth. However, different species may produce 
similar microstructures.; Generally, microbial organisms are not well 
enough preserved to allow their identification• 
Stromatolites involve complex communities of a variety of 
microbial organisms including blue-green algae. Microbial mats, their 
laminae, structure, sediment trapping and binding mechanisms, may be 
created by individual or combinations of species. Semikhatov et al. 
(1979) concluded that biological factors may dominate growth on a 
laminar and sub-laminar scale, whereas gross morphology probably 
reflects a balance between ecological processes and microbial activity. 
4.2.1 Micritic Laminae 
Micritic laminae are the most common type of laminae in these 
stromatolites. They occur in most growth forms. They may be derived 
from poorly or unpreserved algal filamentsoMicritic laminae may occur 
individually (O.lmm), or as composite layers superimposed.; They 
commonly incorporate both coarse and fine grained peloids (Fig 4.;1). 
Lamina thickness may record features of the original algal 
species; however, no evidence for the filaments remain.; Compound 
laminae up to 2mm thick occur in columnar or pillar stromatolites. 
Fenestrae are rare or poorly developed between micritic laminae.; Small 
calcite spar cement filled cavities occur between detrital grains.; 
Micritic laminae tend to be smooth but may rarely be ornamented.; 
The different morphologies of micritic laminae seen may represent 
various microbial organisms. Due to the poor preservation, it is 
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0.15"''" 
Fig 4.la Micrite laminae forming rippled stromatolite 
0.25"'"' 
Fig 4.lb Interlaminated micritic-peloidal laminae 
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impossible to be more specific than to suggest that a variety of 
microbial organisms probably cyanobacteria were the stromatolite 
binders and builders• Cyanobacteria may have caused micrite to 
precipitate. Small gastropods occur attached to the surface of smooth 
laminae, indicating an early lithification or firmness of the 
substrate. 
4.2.2 Algal Filament Laminae 
Stromatolites are in most cases thought to be built by microbial 
communities, dominated by cyanobacteria (Awramik, 1984). W~ll preserved 
algal filaments are not common in these rocks. It is assumed that 
filaments were well preserved through synsedimentary or very early 
cementation.; Filaments have micritic edges; their tubular, branching 
structure is filled by calcite microspar cement. Fragments of various 
algal filaments occur in oncoids and stromatolites but they rarely 
produce a distinctive laminated appearance. Only filaments of Ortonella 
~ 
and Girvanella have been identified (~ohnson pers comm.) along with 
tentative identifications of Bevocastria and Garwoodia (Fig 4.2). 
Algal filaments tend to be preserved in clusters: these cannot easily 
be related to horizontal, laminated sedimentary binding. Where 
preserved, algal filaments create thicker laminae than other types. 
Lamina thickness and separation between laminae is thought to be 
related to the particular species of algae involved and their method of 
growth. However, the general lack of algal filament and lamina 
preservation has prevented any attempt at associating particular algal 
species with stromatolite morphologies. Filament growth is apparently 
random; laminae are presumably formed from the relationship of algal 
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Fig 4.;2 Algal Filament Laminae 
a) Algae forming wall structure of columnar stromatolites 
b) Ortonella 
c) Or tone lla 
d) Girvanella 
e) Bevocastria? 
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growth rate to the rate& of sedimentation and calcite precipitation and 
therefore successive terminations of filament growth or alternate 
growth rates of different species. Algal filaments were a popular 
habitat for encrusting gastropods. 
One particular stromatolite wall structure is distinctive 
(Fig 4.2a). It is part of a compound structure which grows around 
columnar stromatolites and their associated oncoids producing a white 
'fluffy' wall appearance in the rock. Filament growth is apparently 
around the stromatolite edge. It is the only example of a specific type 
of stromatolite growth producing one microstructure. 
Filament growth may be random, horizontal (parallel) or vertical 
(perpendicular) to the sediment surface. Horizontal growth of 
filaments causes sediment to be trapped and/or bound in a laminated 
mode (stromatolites), whereas algae which develop perpendicularly to 
the sediment surface tend to bind particles in an unlaminated fashion, 
creating thrombolites (Aitken, 1967). Some stromatolites may be created 
by the encrusting action of calcareous algae as well as or instead of 
their binding action. Different algal species may grow symbiotically 
within the same structure. Monty (1967) described the alternating 
growth of the calcareous filamentous algae Schizothrix and Scytonema on 
the Recent supratidal, freshwater algal mats of Eastern Andros Island• 
These filaments have a high preservation potential (Black, 1933) which 
may be due to very early calcite precipitation possibly controlled by 
photosynthetic activity of blue-green algae. Laminated sediment may be 
caused by the different binding mechanisms of alternating algae. Thus 
algae would not need to grow parallel to the sediment surface to 
produce laminae. 
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Riding (1977) suggested that calcification of algal filaments may 
be enhanced in a marginal marine setting where evaporation and/or low 
salinity occur. In the Livian sediments calcareous algal filaments 
have been preserved most commonly in oncoids• It is therefore assumed 
that oncoids formed in an environment conducive to cementation• At the 
present day, oncoid formation is restricted to high energy, low 
intertidal-subtidal environments. Calcareous algal filaments are not 
associated with signs of supratidal depositional environments, 
suggesting that for these sediments early lithification occurred in the 
subtidal to intertidal areas, prior to the decay of algae. Sediments of 
the Livian Formation contain evidence for abundant calcite 
(,see. .sech01o1. 1-. I · t . ~) 
precipitation in the shallow subtidal platform waters. Honty 0972) 
~ 
suggested that stromatolite forming algae were initially subtidal 
marine forms which were ousted from their habitat during the Cenozoic 
by an increasing ecological challenge from Rhodophyta. 
4.2.3. Detrital Laminae 
Detrital laminae comprise 'unsupported' layers of peloids or 
rarely ooids (Fig 4.3). The peloids in this case may be faecal 
pellets. They are large, dense homogeneous micrite, very similar in 
size and ovoid, about 0.5mm in diameter. Each lamina is composed of a 
layer of pellets lying end to end• Laminae tend to be slightly convex 
upwards• They are held in place by a clear fine spar calcite cement or 
brown micrite• Faecal pellets may have been trapped by or deposited on 
thin gelatinous microbial laminae which have not been preserved. 
Micritic laminae and pelletal laminae are commonly interlayered or 
associated within a stromatolite morphology. Ooids, were probably 
derived from a beach ridge or channel• 
0-25'""' 
Fig 4•3 Peloidal laminae forming rippled stromatolite 
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4.3. Stromatolite Growth Morphologies 
In this section classification of stromatolites is based on their 
gross morphology. No attempt has been made to fit the observed 
stromatolites into previous classifications described by other 
authors. Descriptions are based on field appearance of stromatolites 
and have been followed up in the laboratory by means of acetate peels 
and thin sections• There is some intergradation of morphologies 
between the groups defined below. 
Stromatolites commonly occur in large clusters or _biostromes. 
Biostromes may be extensive, comprising an individual or a variety of 
growth types. Growth forms may vary vertically through a biostrome, 
possibly indicating a gradually changing environment of deposition. 
In many respects, the observed oncoids and stromatolites are 
similar. Aitken (1967) defined on~oids as 'unattached bodies of 
cryptalgal origin' compared with 'algal stromatolites which are always 
fixed'. A distinction has been made between the oncoids and 
stromatolites identified within these sediments with respect to their 
mode and environment of growth. Both are characterised by laminae, with 
varying regularity, causing a variety of internal and external shapes 
to develop. They have definite external boundaries and contacts• 
Planar (cryptalgal) laminites are included in the stromatolite 
grouping, contrary to Aitken (1967) despite their lack of easily 
defineable boundaries. 
The stromatolites described in the following sections are: 
i)columnar, ii)pillar, iii)club, iv)domal, and v)planar (Fig 4•4). 
Oncoids are also described (vi)• Thrombolites play a minor role in this 
sedimentary sequence. The term thrombolite was proposed by Aitken 
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COLUMNAR PILLAR CLUB 
ONCOID 
DOME 
smooth 
pLANAR 
~ ~ 
rippled crinkle 
Fig 4.4 Sketches of Stromatolite Growth Morphologies 
(1967) to describe 'cryptalgal' structures related to stromatolites but 
lacking laminae and internal structure. In the Livian sediments, 
stromatolites and thrombolites may have similar gross morphologies; 
thus, they are discussed together. Much of the micrite within 
stromatolites has been neomorphosed to microspar. 
The development of thrombolites in contrast to stromatolites is 
due to factors such as lack of sediment supply and moisture required 
for the growth of microbial organisms. Pratt and James (1982) discussed 
numerous factors which might inhibit microbial mat growth.; In the 
Livian sediments studied, thrombolites occur rarely and are commonly 
associated with stromatolites. 
4.;3.1 Columnar Stromatolites 
Columnar stromatolites include the most distinctive growth forms 
seen in the field. Along individual horizons, columnar stromatolites 
appear to have been initiated simultaneously• They form continuous 
horizons over large distances, for example east-west across the Namur 
region (about SOkm) similar horizons of columnar stromatolites can be 
seen at the same level. They are 0.;l-0.2m tall, locally reaching 
heights of O.;Sm.; 
diameter) columns.; 
They tend to be parallel sided, narrow (30mm 
These dimensions are variable (Fig 4.5). Columnar 
stromatolites can be distinguished from pillar forms by their mode of 
growth.; The white, irregular external wall structure of the columns is 
a feature unique to this group. The stromatolitic walls tend to have a 
well preserved algal filament structure up to lmm thick.; These 
stromatolites have been described as pipe smoke or 'bouffees de pipe' 
by local geologists.; It is a combination of algal filament and micritic 
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Fig 4.5 Columnar stromatolites (bouffees de pipes) -1 cycle 
V.lb«7 .f>orne.l . 
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laminae• This may result from a particular type or combination of 
skeletal algae. Columnar stromatolite growth is usually vertical; 
branching is rare, but 'buds' are seen growing sideways, then 
vertically out of the main stem• Commonly, the younger branch continued 
to grow in preference to the older stem• Micritic or algal filament 
laminae are well developed around the outside. Internally they are 
poorly preserved, irregularly spaced, gently doming micritic laminae. A 
laminated fabric can be inferred locally from the texture of the 
internal micrite• This suggests sedimentary binding by non-calcareous 
algae. 
It is difficult to determine whether stromatolites reached their 
maximum height in one phase or several• The intervening sediment is 
rarely laminated and the stromatolites are commonly poorly laminated or 
thrombolitic in internal texture. The only evidence for interruptions 
to growth tend to be close to new buds. Columns grew to approximately 
the same height in any particular bed but apparently grew independently 
of each other as no horizontal connections remain• In some instances 
columns have coalesced. Lithification is presumed to have occurred to 
have preserved these stromatolites. Oncoids with similar microstructure 
and columnar stromatolite fragments may accumulate in units at the base 
of one of these columnar stromatolite horizons. Elsewhere, it appears 
that the stromatolites were initially subject to strong, erosive 
currents or tides which ripped up the delicate, though partially 
lithified structures• These then became sufficiently stabilised for 
further columnar stromatolite growth in the same area. Cracks are 
observed in laminae at the top of these stromatolites, which may have 
been caused by desiccation. 
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Rarely detrital grains such as peloids, ooids and bioclasts may be 
included in columns.; Bioclasts are of small gastropods which attached 
themselves to firm laminae within the stromatolite structure. Spar 
filled cavities occur, probably caused by the irregular mode of algal 
growth. Sediment between the columns tends to be coarse, well sorted, 
peloidal, skeletal or ooid grainstones• These sediments may be 
laminated, either because of non-calcareous algal filament laminae 
growing between columns or temporary sediment influx. 
4.3.2. Pillar Stromatolites 
Pillar stromatolites are medium sized structureE: (0.05-0.2m in 
height and l0-50mm in diameter, Fig 4.6) with a constant or gradually 
tapering diameter upwards. They are rounded to elliptical in cross 
section. Pillar stromatolites have smooth internal laminae, (<lmm 
thick). Laminae may develop horizontally, producing cylindrical pillars 
(type A), or be strongly convex, asymptotic towards stromatolite 
margins, forming cone shapes (type B).; Laminae tend to be micritic, 
with rare algal filaments and fine grained micritic peloids. Pillar 
stromatolites tend to grow in close proximity, but are not obviously 
laterally linked except at the base. Unlike columnar stromatolites, 
they are not all initiated simultaneously and their heights are more 
variable. They grow on and are associated with oolitic cross laminated 
packstones and wackestones. 
Type A: Cylindrical pillar stromatolties are the smaller of the 
two types <lOOmm high. They are linked at the base and rarely higher up 
by algal laminae.; Internal laminae show how the stromatolite relief has 
developed through time. Stromatolites tend to grow vertically or with 
Fig 4,;6 Pillar stromatolites (+2 
Plombi~es, V~ ~ion . 
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Fig 4.7 Sedimentary dyke 
cutting through club stromatolite 
(0 cycle) 
Negative print of thin section 
2,mm 
slight inclination, 20-30mms apart. Branching occurs in slightly 
thicker columns• The resultant branches may have been caused by erosion 
cutting through the top of the structure. Erosion at the base of these 
structures caused irregular shapes and truncated laminae. Pillar 
stromatolites are associated with ooids, usually in thinly cross-
laminated sediments or micrite• Ooids are commonly included into the 
structure. 
Type B: These tend to be conical and larger than type A. 
Individual laminae probably represent successive outer relief stages 
during growth. The base of these stromatolites is indistinct: no point 
of initiation or original algal mat is visible. They are up to lOOmm 
in height and may be tilted. The direction of inclination is variable 
and not representative of a palaeocurrent. Their tilting may suggest a 
lack of lithification or sediment support. These too are associated 
with oolitic wackestones and packstones. 
4.3.3 Club Stromatolites 
Club stromatolites are narrow at the base, broadening upwards over 
O.l-0.2m. During continued vertical and horizontal growth, adjacent 
stromatolite heads may coalesce• This usually causes cessation of 
individual club shape stromatolite development, which is replaced by 
planar or undulose algal or microbial mats• Laminae are commonly 
calcareous algal filaments although all three types of lamina are 
known. Lamina growth may be approximately perpendicular or parallel to 
the stromatolite wall. Spar filled cavities in these stromatolites 
occur, usually perpendicular to the side wall and are possibly the 
result of desiccation. There is no· obvious sign of erosion from water 
91 
Fig 4.8 
0.1.5 ... 
Domal stromatolites. tilted shorewards (-3 cycle) 
Awits. 
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or browsers at the base. Erosion may be seen cutting through the centre 
of stromatolites, leaving a sedimentary dyke, <lOmm across, filled with 
coarse coated grains and peloids (Fig 4.7). Club stromatolites tend to 
form on an irregular subsurface such as rippled microbial mats. 
4.3.4 Domal Stromatolites 
Domal structures are medium to large scale (O,;OS-0.2m high, 0.;3m 
diame.ter; Fig 4.;8).; They have a greater relief than rippled, undulose, 
planar stromatolites. Domal stromatolites are very common, forming a 
continuous microbial mat cover over distances up to lkm. Domal 
structures may be tilted or asymmetrical, possibly due to growth under 
a tidal or current regime.; They may have a delicate fenestral 
structure. Logan et al. (1964) suggested that domal stromatolites 
might be caused by lateral expansion of the microbial mat or the 
development and trapping of gas below the microbial mat surface. All 
three types of lamina are seen. These may be convex, horizontal or 
parallel to each other and equally spaced, often with abundant 
interstitial vugs. Vugs are either parallel or perpendicular to the 
laminae,; Laminae may overlie or be overlain by ooids and bioclastic 
rich sediments. External detritus is rarely incorporated into the 
structure. 
4.3.5 Planar Stromatolites 
Planar microbial mats tend to be formed of detrital and micritic 
laminae. Laminae produce a variety of mat forms; smooth, crinkle and 
undulose (Fig 4.;9).; Peloids, possibly faecal pellets are abundant, 
often coarse grained and elongate, lying parallel to laminae. Laminae 
0? 
..!../ 
0.2.5.., 
Fig 4.9 Rippled stromatolites (-2 cycle) 
~ Bomel . b) St. Se.rva.Ls . 
O.l5.rl 
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may be indicated by varying densities of peloids in layers• The 
microbial mat surface may be gently undulating, or broken by mudcracks 
into intraclasts• Locally, crystals resembling pseudomorphs of gypsum 
grow out of stromatolites, breaking up the laminae. Internal 
brecciation and subsequent healing over by later laminae indicates 
penecontemporaneous desiccation and shrinkage• Clusters of wedge 
shaped calcite pseudomorphs after gypsum are seen, growing out of the 
algal mat surface (Fig 4.10). These crystals probably formed 
simultaneously; their growth was displacive, buckling the unlithified 
stromatolite laminae. Planar microbial mats form below and above most 
morphological types of stromatolite, either creating slight bumps to 
initiate pillar, club and domal stromatolites or evening out 
irr~gularities in the underlying stromatolite or sediment surface. 
Laminae are rarely parallel due to their strange patterns of growth. 
Small irregularities may be due to algal growth or trapped gas. 
Crinkled mats involve small scale relief features (<lOmm)• Thin 
section shows that this sharp relief may have been caused by later 
stylolite formation. Laminae within crinkled mats are wavy and may 
intergrade with other planar mat types. 
4.3.6 Oncoids 
Approximately spherical oncoids occur in thick beds (up to lm) of 
wackestone sediment, typically below the stromatolite development (Fig 
4.11). They may also occur to a lesser degree higher up in a cycle. 
Oncoid coats may commonly be up to 20mm thick. Exceptionally, oncoids 
150mm in diameter occur. Oncoids develop around brachiopod shells, 
commonly those of Composita. These shells may have acquired a geopetal 
o.: 
_}..) 
Fig 4.10 Calcite crystals, pseudomorphs after gypsum?, growing within planar 
stromatolites 
(Negative print of thin section) 
0.5m 
Fig 4.11 Oncoids developed 
around brachiopod shells 
a..) Choki.er" b) ~omt.L 
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fill of micrite prior to coating. A variety of oncoid shapes have been 
observed• Laminae are composed of micrite or well preserved algal 
filaments growing parallel to the shell in a more or less concentric 
manner. Sectioning oncoids has revealed the uneven nature of their 
internal structure. Variations in observed growth patterns include: 
algae truncating earlier growth layers, or favouring one particular 
direction of growth. Girvanella and Ortonella are the most easily 
identified species of algae forming the outer laminae. Outer edges of 
oncoids may develop crinkled surfaces in places. Spherical to ovoid 
lumps of algae occur with no obvious nucleus• These usually have no 
laminae either. 
However, periodic movement of these bodies has resulted in their 
overall spherical appearance• Those oncoids which became too large to 
be rolled or moved by waves, became fixed and developed unevenly into 
stromatolites• Different species of algae may have been responsible 
for producing different internal microstructures and external 
morphologies of oncoids. Detrital grains are not included into the 
oncoid structure, but small encrusting gastropods are preserved between 
laminae. This contrasts with reports from Recent examples in which 
binding of clastic and detrital material is an important process in 
algal film development (Logan et al• 1964). In Visean oncoid formation 
calcite may have been precipitated in the form of fine micritic peloid 
sediment on living or dead algal filaments• Coarse layers of fibrous 
cement record early lithification just below the growth surface, prior 
to any significant burial (see section 4.2.7; 7.2.2, 7.2.3). 
Oncoids in Recent marine environments occur in shallow agitated 
subtidal environments• It seems likely that similar environmental 
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conditions were responsible for their development in the Visean. They 
are always associated with subaqueous (marine) facies. Their 
development seems to be different from that of stromatolites. Logan et 
al. (1964) recognised three areas of oncoid formation: little or no 
agitation produced inverted oncoids; episodic movement caused 
concentric oncoids and continuous moveme~t produced randomly stacked 
on co ids• It is thought that the oncoids in the Livian Formation 
developed in moderately quiet subtidal possibly lagoonal conditions, 
because laminae are most commonly concentric, associated with muddy 
subtidal marine sediments. 
4.4 Stromatolite Biostromes 
Many stromatolite horizons have been studied across the area. 
Within individual outcrops, there is generally a vertical variation in 
growth morphology. Biostromes comprising a single growth form are less 
important quantitatively than biostrome horizons comprising a variety 
of stromatolite growth forms. A variety of combinations are observed, 
some of which are shown in Fig 4ol2. 
Microbial mats may attempt to cover irregularities in the 
underlying mat either ironing them out with planar laminites or for 
example creating a gently doming mat over underlying columnar 
stromatolites. They probably grew on already lithified surfaces, such 
as stromatolites• The type of overlying stromatolites locally depends 
on the amount of sediment filling areas between stromatolites. One 
growth form may be continued by different microbial organisms producing 
a continuation of gross morphology, but with variation on a laminar 
scale. Laminae do not necessarily mimic underlying laminae. In some 
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instances, similar stromatolite morphologies of different size develop 
side by side, or very much smaller stromatolites may fill in the 
topography created by larger stromatolites. 
To produce similar stromatolites and presumably similar microbial 
communities at the same time along the southern margin of the London-
Brabant Massif, must have required nearly identical environments and 
ecological settings.; The balance between ecological processes and 
microbial activity, although presumably fairly sensitive, must have 
remained stable for relatively long periods, over large distances such 
as 50 or even lOOkms. 
4.5 Stromatolite Lithification 
It seems likely that the oncoids and stromatolites were subject to 
early cementation. Fine micritic peloid and fibrous spar cement was 
probably precipitated in relatively quiet marine conditions, whereas 
clear spar may represent a slightly later freshwater phase of 
cementation (section 7.;2, 7.;3).; 
Stromatolites may occur in subtidal marine, intertidal, fresh 
water or hypersaline environments.; Cements occur in multiple layers 
separated by micritic laminae, generally within domal stromatolites 
(Fig 4.13)'\ Recent stromatolite lithification has been documented in 
the hypersaline environments of Shark Bay, but also in normal marine 
salinity oceanic water, lacustrine and fresh water environments (Monty 
1972). Monty (1976) has documented concentric layers of calcite crystal 
development in Recent stromatolites of the splash zone of carbonate 
saturated streams and lakes. He observed alternating dense and loosely 
calcified layers forming crusts up to O.lm in thickness and proposed 
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Fig 4.13a) Multiple layered, fascicular-optic calcite 
cements developed between stromatolite laminae. 
Negative print of thin section 
1~ 
Fig 4.13b Multiple layered calcite cements, marking 
laminae of domal stromatolites• 
La Mallieue, V2bB o.o3m 
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that the pattern which developed around radially growing filaments in 
concentric bands and periodic precipitation were influenced by the 
microbial fabric. Braithwaite (1979) explained similar multiple layered 
cements as having formed on brittle cohesive micritic crusts. The 
cements formed in oncoids may be comparable with cements described in 
pisoids from the Arabian Gulf; aragonite encrustations in pisoids have 
been described by Friedman et al.(l974), Evamy (1973), James (1972) and 
Scholle and Kinsman (1974). Freshwater and vadose crusts have been 
do cum en ted from other situations (Braithwaite, 1979). Layers of 
acicular aragonite, locally forming botryoids, have been ;described by 
Dill et al. (1986) in subtidal stromatolites of the Bahamas. 
Carbonate cementation is associated with crustose coralline algae 
in algal buildups in modern seas (Ginsburg and Schroeder, 1973)• 
Alexandersson (1972) argued that the metabolism of the frame building 
organisms caused cementation whereas Berner (1968) suggested that 
precipitation was due to bacterial decomposition. Supratidal crusts 
were described from the Arabian Gulf (Purser and Loreau, 1973). These 
authors discounted direct algal influence on the precipitation of 
aragonite, assuming that the cement was due to physicochemical 
precipitation. Other workers describing aragonite crusts from Recent 
hypersaline settings interpreted crusts as having been precipitated by 
algae probably because of their photosynthetic uptake of co2 (Horodyski 
and von der Haar, 1975; Friedman et aL 1973). 
Fibrous botryoidal carbonate cements in the Carboniferous are 
known but rare• Black (1952) interpreted similar cement layers as tufa 
bands or possibly as secondary cement layers which had undergone 
aggrading neomorphism from micrite. Bathurst (1958) thought that 
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radiaxial fibrous cement may have been a replacement of an earlier 
marine cement. Wright (1981) concluded that pisoids with inclusion rich 
fascicular-optic calcite probably developed in a schizohaline lagoon 
and that cements were a solution precipitation replacement product 
after aragonite. He note.d similarities with aragonite crusts in the 
Recent sediments from hypersaline supratidal zones of the Arabian Gulf 
(Purser and Loreau, 1973; Shinn, 1973; Picha, 1978) and Bonaire (Lucia, 
1968). 
Cement layers in Livian stromatolites were initiated by the local 
growth of numerous spherulites just below the stromatolite surface. A 
similar spherulitic crystal cement development with fibrous habit has 
been documented in fresh ~ater (Monty 1976) and hypersaline ~ater 
(Buchbinder et aL 1974). 
Following the recent arguments by Kendall (1985) and Sandberg 
(1985) it is thought that the majority of these cements are primary or 
have stabilised slightly from their primary state. Some cements may be 
replacements of an early HMC cement phase which developed prior to any 
destruction or alteration of stromatolites. The shallow ·seas covering 
the platform in the Carboniferous were sufficiently supersaturated to 
allow the precipitation of abundant carbonate in the form of fringing 
cements around grains, the same supersaturated water was probably 
washing around and through the stromatolites• In one instance, a 
fibrous cement is thought to be secondary.&. it is interpreted as 
recording a solution-reprecipitation mechanisms (Kendall and Tucker, 
1973). The mineralogy and isotope analyses show similarities across 
subcrystals and layers suggesting mineralogical stabilisation• 
The original mineralogiet of these cements may have been high 
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magnesium calcite with- minor aragonite crystals develop as described 
above, permitting preservation of indicators for both of these.; The 
coexistence of high magnesium calcite and aragonite cements has been 
observed (Glover and Pray, 1971; Alexandersson, 1972). All of these 
cement layers have developed within algae; accordingly the cement 
crusts may have been precipitated due to the microenvironment caused by 
algal photosynthesis• The cements are thought to have developed close 
to the surface of stromatolites, covered by at least one microbial 
layer. Each layer is thought to have grown individually. The microbial 
laminae are hardly displaced or overgrown by cement growth. They may 
have been flexible whilst calcite was precipitated below. The waters 
circulating within stromatolites in the algal marsh may have been 
hypersaline. Gastropods are commonly associated with these 
stromatolites and vermiform gastropods are thought to have preferred 
hypersaline conditions for growth (Burchette and Riding, 1977). The 
generally good preservation of stromatolites also points to a lack of 
organisms. However, cementation of stromatolites need not occur in 
hypersaline conditions (Dravis, 1983; Dill et d. 1986). 
4.6 Environmental Interpretation 
Stromatolites and the microbial communities which form them are 
poorly known in the geological record. Many of the factors influencing 
their development may be poorly recorded. In interpretation and 
reconstruction of their environments of formation, these factors may 
not be obvious. Controls on stromatolite formation and development 
might include: sediment available, grain size, sea water chemistry, 
climate, substrate, water depth, coastal geography, water energy, 
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biological factors, presence or absence of algae and bacteria with 
respect to other communities. Precambrian stromatolites are thought to 
have developed without competition, possibly in subtidal environments. 
Tidal currents need not have been necessary for their growth and 
preservation (Cloud, 1942; Walter, 1972). They may have grown in depths 
of >10m. 
Shark Bay, Western Australia is an area which has a wide variety 
of stromatolites forming at the present day• These are forming in sub-
inter and supratidal areas of a hypersaline embayment. Subtidal 
stromatolites form to a depth of 5m; intertidal mats occur on exposed 
and protected shorelines and supratidal mats grow in groundwater 
discharge zones. Subtidal stromatolites in the Bahamas are known in 
depths of 7-8m of ocean water. 
It is inferred from their preservation that some Livian 
stromatolites have undergone early lithification• Hoffman (1976) 
concluded that discrete columnar structures occur where wave and tidal 
scour are strong and that their relief is proportional to the intensity 
of wave action• He identified the importance of early lithification in 
club and columnar stromatolites. However, it is inferred from the 
presence of horizons of fragmented columnar stromatolites, that they 
could not withstand strong wave action. There may have been 
insufficient support from either water or interspace sediment. Columnar 
stromatolites show no sign of tilting, which might be expected of such 
tall thin structures if they stood 20-30cms (up to lm) off the sea 
floor in an area of prevailing currents. Recent columnar stromatolites 
are commonly oversteepened into oncoming waves and tidal currents 
(Hoffman, 1976; Dill et al. 1986). Logan et al. (1974) noted that 
exposed headlands were required to create tall bodies standing out of 
water at low tide. It is thought that Livian columnar stromatolites 
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developed in subtidal-low intertidal open marine waters. The coarse, 
coated grain sediment filling the interspace between stromatolites 
would probably have required a high energy environment possibly due to 
waves or tides for their formation. This may represent periodic storms 
which transport coarse sediment as described by Monty and Hardie 
(1976)• Water depth or a sedimentary fill is thought to have supported 
these tall stromatolites. Signs of desiccation are very rare at the top 
of columnar stromatolites, but their presence suggests an intertidal 
regime. Columnar stromatolites are thought to have formed in mainly 
subtidal conditions, in an area of tidal currents or high wave energy. 
Club shaped stromatolites in Shark Bay are thought to be created 
by wave and tidal scour which destroy the lower laminae. This could be 
the case for Visean horizontally laminated club and pillar 
stromatolites. Commonly, the ancient stromatolite laminae are 
asymptotic to their walls and show few signs of erosion at their sides 
or bases. Livian club stromatolites do not show signs of subaerial 
exposure. Club stromatolites are surrounded by coarse grained 
bioclasts, coated grains and peloids• 
It seems that there is an environmental control on the 
distribution of stromatolites and thrombolites• Thrombolites and 
stromatolites are presumed to have developed in similar environments. 
This is not always the case in ancient Aitken (1967) suggested that 
thrombolites form in subtidal possibly hypersaline conditions. Pratt 
and James (1982) indicated agitated conditions, whilst Ahr (1971) 
inferred calm water. 
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As described above the formation of discrete stromatolite heads 
such as those of club or pillar forms may have required a degree of 
scouring by cuirents to prevent lateral linkage~ This would seem 
likely for those structures whose laminae are horizontal but not for 
others with strongly convex laminae• Currents moving around 
stromatolites would have transported detritus, which may have provided 
stability and support. Water depth itself may have supported tall 
stromatolites. Some partial strengthening through limited early 
lithification might have allowed weaker parts to be eroded away. The 
presence of cavities, filled by ooids, peloids or silt grains and 
encrusting gastropods and worms may indicate that stromatolites were 
semi-lithified rigid structures which accreted upwards by the growth of 
successive calcareous algal encrustations. Some thicker laminae 
represent pauses in growth, allowing thicker outer walls to develop. 
In the higher intertidal areas, clubs may coalesce to form 
irregular biohermal masses~ Pillar stromatolites are commonly 
associated with cross laminated oolites, possibly channel or beach 
ridges-washover crests (higher intertidal). 
Domal stromatolites on the other hand resemble ripples and may 
form in quieter, shallower environments requiring less lithification 
for preservation• Logan et al~ (1964) noted that domal stromatolites 
are typical of intertidal mudflats in areas protected from wave action. 
Domal stromatolites have also been documented from the Bahamas, in 
lagoons at depths of 2-3 m and on protected intertidal flats (Monty, 
1967). Pratt and James (1982) in contrast, favour a more turbulent 
environment with active erosion for the development of domal 
stromatolites. 
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Domal stromatolites are locally preserved tilting landwards. It is 
thought that they may have developed under the influence of tidal 
currents or waves. They include a range of internal structures, which 
suggest a variety of algal species could inhabit these intertidal 
environments. Some show desiccation cracks filled by early meteoric 
cement. They probably grew in intertidal to lower supratidal areas. 
Planar laminites are the most abundant form of microbial mat. 
They can occur in a variety of settings. In the Livian Formation, they 
are interpreted as colonising the upper intertidal to supratidal areas. 
They are generally interlaminated with peloids which were presumably 
washed in from surrounding lagoons during storms. 
In summary (Fig 4.14) it is presumed that in the Livian 
Formation, stromatolite morphologies are dependent on the environment 
in which they developed• The abundance of stromatolites and associated 
absence of a preserved fauna may indicate adverse conditions. Water 
movement is thought to be a possible cause for prohibitng organisms and 
encouraging the formation of coarse coated grains. It seems that 
oncoids and the taller stromatolites developed in deeper water. It is 
thought that oncoids developed in subtidal conditions, columnar 
stromatolites in subtidal to lower intertidal areas. Domes, large 
pillar and club stromatolites in intertidal areas and small pillar and 
planar stromatolites inhabited upper intertidal to supratidal areas. 
Some stromatolites are thought to have developed in the algal marshes 
behind a beach ridge i.e. in subtidal or intertidal areas. However, it 
has been difficult to distinguish between marsh and shallow lagoonal 
sediments. In particular those stromatolites with an irregular 
morphology e.g. semi-tilted with pillar or club microstructure are 
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Fig 4.14 Sketch of Proposed distribution of Livian Stromatolites 
presumed to have developed in algal ponds or marshes. Behind the beach 
ridge a reduction in wave and tidal energy might have permitted a 
variety of morphologies to develop. Sediments between the stromatolites 
in marshes are commonly faecal pellets ranging to burrowed and 
homogenised sediment• 
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CHAPTER. 5 
Microfacies Association Descriptions 
Petrography and subsequent microfacies analysis are fundamental to 
the identification and differentiation of thick monotonous, grey 
limestone sequences of the Livian Formation. Lithofacies from the 
whole region, all three areas have been taken into account. 
Three microfacies associations are defined: 
Microfacies association 1 - bioclastic 
Microfacies association 2 - algal 
Microfacies association 3 peloidal 
These and their component microfacies are shown in Table Solo 
Microfacies have been defined both qualitively (optically) and 
quantitatively (point count data is presented in Appendix A) 
5.;1 Microfacies Association 1 
Introduction 
This association includes all the sediments making up the lower 
part of each cycle.; It corresponds to LFl-4, i.e. sediments are 
dominantly composed of shell fragments of an open marine fauna (section 
l.;lO)o Variations between microfacies are related to the texture and 
proportion and type of fossils presento Within a microfacies grouping, 
clasts can range from well preserved, unbroken or large fossil 
fragments in clear spar cement to fine grained, poorly preserved matrix 
of she 11 debris, much of which has been a 1 tered to micrite.; In 
packstone and wackestone microfacies with a lime mud matrix, micrite 
commonly takes the form of small peloids (10-30ym)o The microfacies 
1 1 1 
TABLE 5.;1 
MICROFACIES CLASSIFICATIONS 
MICROFACIES ASSOCIATION 1 
MF l.;l Bioclastic grainstone -wackestone 
1.;2 Echinoid-foram-calcisphere grainstone -wackestone 
1.;3 Dasycladacean-echinoid grainstone 
1.;4 Calcisphere grainstone-wackestone 
1.5 Coral grainstone-boundstone 
1.;6 Bryozoan boundstone 
1.;7 Coral-brachiopod wackestone 
MICROFACIES ASSOCIATION 2 
MF 2.;1 Oncoid wackestone 
2.2 Coated grain grainstone -packstone 
2.;3 Ooid grainstone 
2.;4 Algal peloid bioclast wackestone 
2.;5 Algal laminite 
MICROFACIES ASSOCIATION 3 
MF 3.;1 Peloid grainstone 
3.;2 
3.;3 
3.;4 
3.;5 
Inhomogeneous mudstone 
Homogeneous mudstone 
Bioclast wackestone-mudstone 
Intraclast mudstone 
11 2 
Section 
5.;1.;1 
5.;1.2 
5.;1.;3 
5.;1.;4 
5.1.5 
5.1.;6 
5.;1.7 
5.;2.;1 
5.;2.;2 
5.;2.;3 
5.;2.;4 
5.;2.;5 
5.;3.;1 
5.3.;2 
5.3.;2 
5.3.3 
5.3.;4 
MF 3.5 
MF 3.4 
MF 3.3 
MF 3.2 
MF 3.1 
MF2.5 
MF 2.4 
MF 2.3 
MF 2.2 
MF 2.1 
MF 1.7 
MF 1.6 
MF 1.5 
MF 1.4 
MF 1.3 
• 
MF 1.2 
MF 1.1 
Clasts of homogeneous or laminated micrite within micrite matrix, 
bioclastic content of matrix increases upwards. 
Micrite with fine grained unidentifiable bioclastic debris, 
evenly distributed throughout or in lenses. 
Micrite, well bioturbated. 
Micrite with burrows, peloidal textures and rare bioclastic 
debris (gastropods, ostracods, brachiopods). 
Peloidal micrite, varying proportions of spar cement; thin or 
cross laminations, rare bioclastic debris. 
Planar laminite with peloidal laminae; variety of fenestral 
textures. 
Algal peloid bioclast wackestone, bound into stromatolites with 
rare fine grained bioclast debris and encrusting gastropods. 
Ooid grainstone. 
Coarse-medium grained superficial ooids/coated bioclasts/coated 
peloids/pisoids/grape~tones/intraclasts. 
Oncoids in micritic/peloidal sediment; fine grained bioclastic 
debris in lenses. 
Brachiopod and coral fragments in finely laminated micrite; 
abundant stylolites. 
Bryozoa in densely packed colonies; micritic/bioclastic sediment 
infil 
Corallites densely packed; micritic/bioclastic sediment infil 
Calcispheres abundant within medium-fine grained bioclastic 
sediment. 
Koninckopora/Beresellid filaments abundant in matrix of bioclast 
debris. 
Echinoderms, foraminifera and calcispheres are dominant components 
in medium-fine grained bioclastic sediments. 
Bioclastic grainstone; brachiopods, corals, bryozoa, echinoderms 
foraminifera, calcispheres, algae; may be micritised; variable 
grain size 
TABLE 5.2A MICROFACIES DESCRIPTIONS 
' 
TABLE 5.21!. COMPARISON OF LITHOFACIES AND MICROFACIES 
. . 
INTRAFORMATIONAL CONGLOMERATE LF9 MF3.5 clasts of homogeneous or laminated micrite within micrite 
Commonly matrix supported clasts, thin, flat, rectangular, matrix, bioclast content of matrix increases upwards 
flakes, pale grey micrite composed of MF3.3, 3.4, 3.1, 2.5, 2.4 
PELOIDAL WACKESTONE LF8 MF3.1 very fine-medium grained micrite-peloids, finely laminated 
I fine-very fine grained, thin, wavy beds, pale grey-white 3.2 some fining upwards layers 
! locally striped buff-brown, ahaley intercalations, burrows 3.3 rare gastropods and ostracoda, burrows, bioturbation 
rare bioclasta, rare fenestrae 3.4 HF3.4 bioclastic debris in micrite 
COATED GRAIN WACKESTONE LF7 MF2.2 coarse grained ooids, superficial ooids, microbial or 
Fine-medium grained bioclaata and coated grains, pale 2.3 blue7green algal coated bioclasts abrupt contacts with 
grey-buff, burrows and bioturbation, irregular beds other microfacies 
. 
MICROBIAL-BIOCLASTIC WACKESTONE LF6 MF2.1 oncoids, peloids and fine grained shell debris in micritic 
Coarse grained biocissta interbedded with fine grained 2.4 matrix, irregular laminations, fenestrae 
laminated wackestone, pale grey-buff, variable bedding 2.5 
thickness, variety of stromatolites, interbedded with LF7 
BLACK-YELLOW UNFOSSILIFEROUS·MUDROCK LFS No corresponding microfacies 
Thin beds, variable thickness, fine grained, non-
fossiliferous mudrock 
BIOCLASTIC CALCAREOUS MUDSTONE LF4 MF1.7 coarse grained bioclasts (particularly brachiopoda and 
Thin beds, very finely laminated, coarse grained corals), dense micritic matrix, stylolites 
bioclastic debris, variable thickness and lateral extent 
BOUNDSTONE LF3 MF1.5 densely packed coral/bryozoan colonies, abundant micrite 
Massive, grey, tabular, dome or irregular shape 1.6 matrix, some bioclast debris, microbial or algal coating 
BIOCLASTIC WACKESTONE-MUDSTONE LF2 MF1.2 medium-fine grained bioclaata, local accumulations of 
Thin-medium, irregular-unduloae beds, grey, medium-fine 1.4 coarse skeletal debris, peloidal micritic matrix 
grained 
BIOCLASTIC GRAINSTONE-PACKSTONE LFl MFl.l coarse-medium grained, brachiopod, echinoid, foraminifera 
Thick-medium, tabular bedding, dark grey, coarse grained, 1.3 with coral, bryozoan, algal and calciaphere bioclaata 
variable quantity of micritic matrix 
local Daaycladacean algal accumulations 
---- -- - ----
representing LFl-4 are usually continuous along a bed. Beds of LFl-2 
are commonly interbedded and vary markedly in grain size and texture 
but not in total composition• The homogeneous nature of MFl sediments 
and the lack of sedimentary structures is interpreted as recording 
abundant bioturbation. However, it makes precise environmental 
interpretation difficult• The principal cement throughout this facies 
is a clear, equant blocky calcite spar (section 7.3). Compaction 
breakage of bioclasts is slight• The term micrite is used to mean sub-
microcrystalline or cryptocrystalline calcite• It is used to refer to 
matrix but also to micrite cement• 
5.1.1 MFlol Bioclastic Grainstone 
Distribution: 
MFlol occurs predominantly at the base of LFl, commonly 
interbedded with MF1.2, MF1.3 and less commonly with MF1.4-1.8 • 
• Description: 
This micrcofacies is composed of a variety of brachiopod, coral, 
bryozoan, echinoderm, foraminiferan, bivalve, calcisphere and red, 
green and blue-green algal filament bioclasts (Fig Sola). These have 
been identified and discussed in section lolO• The bioclasts are evenly 
distribu~ed throughout MFl•l• Bioclasts may be unbroken or slightly 
·-· 
abraded, partially or totally micritised• Micritisation preferentially 
affects certain families/phyla: foraminifera and the edges of green and 
red algal filaments tend to be totally micritised, whereas only parts 
of brachiopods and echinoids are altered• Locally, accumulations of 
bryozoan zoecia occur, these are mainly fenestellid and stenoporid 
trepostome bryozoans. Grainstone textures are common; however, 
packstone and wackestone textures occur interbedded in LF1-LF2. 
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Fig 5.la Bioclastic grainstone {MFl.l) PPL 
0.25mm 
Fig 5.lb Shell bed within LFl, predominantly brachiopods and echinoids in 
micrite• Slight lineation of bioclasts parallel to bedding. PPL 
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Variations may occur rapidly, but may be sharp or gradational. The 
bases of coarser bioclastic grainstone beds may scour the underlying 
sediments.; Matrix in this microfacies may be silt grade bioclastic 
material or micrite.; Micrite may occur in the form of small peloids, 
<30pm• Crystals are <2pm in the centre, increasing very slightly in 
size outwards, ovoid to irregular in shape, widely dispersed through 
the sediment commonly accumulating in bioclasts.; This is an abundant 
microfacies at the base of MFl, within LFl, in which skeletal debris is 
distributed throughout• Locally bioclasts of green algae (Beresella 
~~ crinoid ossicles, brachiopod spines and coral fragments are 
orientated parallel to a bedding plane.; There is no preferred 
orientation of bioclasts.; However, elongate shaped bioclasts such as 
brachiopod valves and spines may be tightly packed but not orientated, 
into horizontal planes producing a laminated appearance.; The final 
• laminae are not much thicker than the component shell fragments.; The 
base of beds are commonly marked by 0.;05m thin layers of shell debris. 
As described above, these debris beds are composed mainly of brachiopod 
shell debris (Fig S.lb).; Other fossil fragments are omitted in the 
basal layers, their proportion increasing upwards into the cycle. This 
provides.~ slight fining upwards effect within the bed.; 
Interpretation: 
The fauna represented in MFl.;l is the most diverse within the 
Livian sedimentary sequence.; It is therefore assumed from comparison 
with modern environments and other studies of Dinantian facies 
(Ramsbottom, 1973; Wright, 1986) that this represents deposition in 
shallow water on a platform or shelf with normal marine salinity and 
good circulation.; Bioclastic fragments vary in size, preservation and 
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sorting and therefore record a variety of conditions in the 
depositional area• 
The diverse assemblage of bioclasts, commonly worn and micritised, 
probably formed in shallow water with open circulation, at or just 
below wave base. Bioclasts may be abraded around their edges or 
micritised to such an extent that micritic envelopes have formed. 
Micritisation may result from the filling of endolithic algal bores by 
micrite (Bathurst 1975).; Endolithic algae live just below the sediment 
surface in intertidal and supratidal areas. Grains which are well bored 
around their edges are particulary liable to abrasion (Bathurst 1975)• 
Kobluk and Risk (1977) agree that boring algae penetrate grains and 
cause micrite to precip'itate in and fill bores.; They have also found 
that calcification of exposed endolithic algal filaments coating grains 
can produce micrite envelopes without destroying the original grain. 
Algal boring is abundant in the shallow shelf carbonates of 
• Florida and the Bahamas region, but rare in deeper shelf carbonates 
such as the northern Great Barrier Reef (Swinchatt, 1969). Swinchatt 
(ibid.) suggested that this boring might be equivalent to the micritic 
envelopes formed in ancient sediments and that micritic envelopes could 
be used as a depth indicator. Recent work (Hook et ala, 1984) shows 
that this is not necessarily trueo Heckel (1983) suggested that 
. .' 
echinoderm rich sediments with an abundant normal marine fauna, lack of 
carbonate mud and laminated structure might indicate deposition in a 
relatively shallow water marine setting within the zone of wave 
agitation• These grains may have developed in areas of constant wave 
action, possibly as part of a shoal from which the fine sediment was 
winnowed out• A problem in the identification of the sedimentary 
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environments is the lack of preserved sedimentary structures. This may 
be a record of abundant bioturbation. The preservation of delicate 
bioclasts, such as Fenestrate bryozoans usually within lime mud 
sediments suggests that they may have accumulated in small, isolated 
slack water areas which developed locally on the platform or shelf, 
possibly within a shoal complex if one existed.; These areas may have 
been created by local topographic irregularities on the surface of a 
skeletal sand shoal.; Water movement must have been slow enough to allow 
carbonate mud to settle from suspension.; 
Fine grained peloids occur in varying quantities; locally between 
bioclasts in grainstones or they may be abundant and moderately well 
packed in a wackestone. Peloids may be carbonate sediment which has 
formed by precipitation from sea water. 
Recent work (Lighty, 1985; Macintyre, 1985) suggests that they may 
• be early micrite cements.; This is discussed in section 7.2.; There is 
variation in the quantity of lime mud present, within MFl.;l, from 
wackestone to grainstone textures surrounding similar bioclasts, either 
sharply across a bedding plane or gradually.; The textural variations 
are laterally continuous across a bed, they do not create patchy lenses 
of mud• ~e quantity of lime mud remaining in the sediment is thought 
to be related to the degree of water agitation and reworking• Lime mud 
tends to be deposited in quiet lagoonal, tidal flat or outer shelf 
areas. Increasing agitation tends to lead to a decrease in the lime mud 
content with a corresponding increase in grain support fabric and 
sparite content• Variations in texture are thought to record changes 
in wave or current activity of the water at different times and places 
on the platform. Wackestone-packstone textures are most common in the 
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Dinant region.; 
Shell lags of brachiopod valves or corallites probably record 
periodic storm deposition.; The slight improvement of sorting and 
upwards fining bioclasts over 50mm may represent waning flow following 
the storm currents.; 
Bioclastic grainstones are comonly found as modern shelf deposits.; 
The well sorted grainstones were probably deposited in areas with 
moderate to high energy water movement. These may have been shoals or 
beach deposits around local topographic highs.; The lack of abundant 
sedimentary structures is interpreted as a combination of rapid 
deposition and bioturbation. Bioturbation is also thought to homogenise 
the sediment to give even distribution of bioclasts.o Bioturbation 
implies that a fauna,probably of soft bodied organisms, existed in the 
sediment which have not been preserved.; 
5.ol.o2 MFl.o2 Echinoderm-Foraminifera-Calcisphere Grainstone 
Distribution: 
MFl.o2 occurs as part of LFl and more commonly as a part of LF2.o It 
forms extensive, thin to medium beds, interbedded with MF1.o3 and less 
commonly with MFla4.o 
Description: 
The dominant components of this microfacies are echinoderm 
ossicles, foraminifera and calcispheres which represent a smaller 
~11j5A.b 
clast size than the general MFl faunal assemblage~ Foraminifera tests 
are usually altered to micrite and echinoderms may be abraded or 
slightly altered to micrite around their edges.; Calcispheres and 
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foraminifera are abundant, their diversity varies across the area and 
through time. Other bioclasts present throughout MFl occur in small 
proportions in this microfacies.; Void space is commonly filled with 
calcite spar but locally there are accumulations of peloidal silt.; 
Matrix is not common, where it occurs the lime mud is usually in the 
form of small micritic peloids as described earlier. Generally, 
bioclasts are held in coarse, clear, calcite spar cement.; There are 
very few signs of scouring into the tops of the underlying sediments. 
Interpretation: 
This microfacies is similar to MFl.;l in texture, ranging from 
grainstone to wackestone, though slightly finer grained and with a more 
specialised fauna. The absence of common stenohaline forms, such as 
corals and bryozoans infers slight restric.tion possibly due to 
increased salinity.; Bioclasts are naturally rounded; they are well 
• sorted and evenly distributed• They commonly have micritic rinds which 
are thought to have been caused by the borings of endolithic algae.; 
Lime mud sediment may or may not be absent• Variations in texture are 
thought to record changes in water agitation and therefore wave and 
current action• This microfacies probably represents a shallow water 
platfor~:,area with local shoals or areas with local wave action. 
Sedimentary structures are thought to have been destroyed by reworking 
or bioturbation. Beds are thinner than those of MFl.;l and are not 
graded, suggesting a lower energy environment with slower deposition 
few storm effects and possibly a greater degree of reworking. 
Encrinites are a common shelf edge sediment requiring winnowing but not 
very strong water movement for their formation• The depositional area 
was still open to a normal marine salinity environment• 
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Interbedded with MF1.2 and Koninckopora grainstones (MF1.3a) are 
small lenses of algally coated bioclast wackestones. They are 
distributed throughout LFl and LF2 although they cannot be recognised 
in the field• They occur throughout the lower (bioclastic rich) part of 
the cycle becoming more common towards the top of the lower part of the 
cycle. It forms thin beds within LF2• 
Faunally, this algally coated bioclast microfacies consists of a 
varied MFl assemblage. Most commonly corals, with some brachiopods and 
fragments of Koninckopora ~ are coated by blue-green algae 
(Girvanella !.£•)• Echinoderms, ca 1 c i spheres, foraminifera and 
beresellid algae are also present but these are not coated by blue-
green algae.; Coated fragments are fairly large, Koninckopora fragments 
may be up to lOmm in length and only slightly abraded. Algal coats are 
only 100-lS~m thick, and unlike oncoids cannot be observed easily in 
. the field. They tend to be thin and irregular not necessarily forming a 
complete coat around the fragment.; If thin they give the appearance of 
micritic envelopes or Spongiostromata.o Higher magnification reveals a 
vague algal filament structure producing laminae around bioclasts. The 
texture varies from grainstone to wackestone; lime mud matrix is 
usually in the form of small peloids. Bioclasts and algally coated 
grains are contained within a sparry cement. The elements which are 
coated by algae were probably coated after death, but prior to 
fragmentation of the coral colony or Koninckopora plant. 
Interpretation of algally coated bioclast microfacies: 
The coarse grained nature of this sediment together with the lack 
of micritised sediment except within bioclasts reflects a moderately 
high energy environment. The presence of binding blue-green algae 
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suggests a fairly shallow water depth.; These bioclasts fall into the 
classification of oncoids: however, it is thought that the algal coats 
may have grown around the coral in situ or rolled around on the sea 
floor in a manner similar to oncoid formation.; It is inferred that the 
Lithostrotion colonies and Koninckopora plants grew up into very 
shallow water, possibly on or close to shoals and may have been coated 
after death.; Lithostrotion colonies preferred areas with soft, 
unlithified sand substrate and did not grow more than 0.;5m in height.; 
The presence of a medium to fine grained diverse limestone fauna 
indicates normal marine conditions (Dodd and Stanton, 1981). 
5.;1.;3 MF1.;3 Dasycladacean-Echinoid~Grainstone 
Distribution: 
Beds of MF1.;3 occur commonly in LFl and also in LF2.; They are 
commonly interbedded with MFl.;l and MF1.;2.; 
Description: 
This microfacies is developed locally and forms thick, coarse 
grained beds.; There are two component microfacies: 
Koninckopora grainstone and beresellid grainstone.; 
a) Koninckopora Grainstone 
This occurs locally as thin units <0.2m thick.; Koninckopora is a 
type of green alga (Wray, 1977) specific to the Visean.; Long strands 
of Koninckopora may occur together or individually in a coarse sparite 
cement with a fauna similar to MF1.;2, but slightly reduced in numbers 
(Fig 5o2).; There is little compaction between the grains and only 
rarely is any matrix developed.; Fine grained peloids occur locally• 
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Fig 5.2 
Fig 5.3 
0.~ ... 
Koninckopora grainstone (MFl~a) Fragments of Koninckopora 
with other bioclasts, some coated with microbial laainae. PPL 
o.~ ...... 
Beresellid packstone (MF1.3b) Fragments of beresellid algae in 
micrite, wi~h rare echinoderm bioclasts. PPL 
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b) ~eresellid Grainstone 
This microfacies occurs close to the base of MFl in LFl.; It can be 
recognised locally in the field by the reflective cleavage faces of 
calcite crystals which make up beresellid algae.; Beresellid algae are 
particularly common in Lower Carboniferous limestones (Mamet and Roux, 
1974).; Algal filaments, 10-S~m wide of Kamaena and Beresella have an 
elongate nature, which allows them to become well packed, parallel to 
bedding on compaction without breakage and to produce a layered 
appearance in the rock (Fig 5.;3).; Calcified algae are commonly 
neomorphosed but moderately well preserved. Forams and calcispheres are 
also present in small quantities in this microfacies.; In general 
stenohaline faunal elements are rare.; There is little space for matrix 
to accumulate between bioclasts in this microfacies.; There have been 
many revisions of the taxonomy of the Beresellids.; Mamet and Roux 
(1974) classify Kamaena and Beresella into this family.; 
Interpretation: 
These two microfacies, MF1.;3a and MF1.;3b record accumulations of 
dasycladacean algae and the absence of a diverse stenohaline fauna. 
Algae are sensitive to facies change and are therefore thought to be 
useful indicators of environment.; The abundance of dasycladacean algae 
compared'to other bioclasts may be apparently significant because of a 
locally high preservation potential but conditions were clearly 
favourable for their growth.;_Dasycladacean algae flourish in warm, very 
shallow (preferably <Sm) marine water.; They can tolerate brackish to 
hypersaline water.; Ideally this flora probably inhabited low energy 
regimes, protected or below wave base regions such as quiet marine 
lagoons (Wray, 1977).; Local occurrences of the normal marine fauna 
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indicate access to open marine conditionso Studies on Lower 
Carboniferous algae (Petryk and Mamet, 1972) suggest a preferred 
occurrence of dasycladaceans for shallow open seas or lagoonal 
environments, since they commonly occur with skeletal-oolitic 
packstones and grainstones or with calcispheres, kamaenids and 
ungdarellids.; Modern algae flourish in tropical to sub tropical 
climates.; Extensive studies of Permian and early Cenozoic dasycladacean 
assemblages (Elliott, 1970, 1972) suggest that the ecological 
requirements of fossil dasycladaceans were similar to those of living 
descendents.; Both of these microfacies tend to be relatively sand and 
mud free, presumably there was sufficient water movement to remove mud 
following the decay of the algal plants• Koninckopora is commonly 
associated with an open marine fauna.; The beresellid algae tend to 
occur only with crinoid fragments and indicate very restricted 
conditions.; Wilson (1974) suggested that similar dasycladacean rich 
sands formed in areas of constant winnowing in very shallow water• The 
shape of beresellid filaments and lack of other sedimentary grains 
causes them to pack together forming approximately horizontal laminae. 
5.;1.;4 MF1.;4 Calcisphere Grainstone 
. ~·. 
Distribution: 
This microfacies is most common within LF2 sediments in the 
southern Dinant region; it occurs less commonly in the Namur and Vesdre 
regions.; 
Description: 
This microfacies is a component of LF2 (Fig 5.;4).; It comprises a 
variety of calcisphere types: Archaesphaera, Pachysphaerina, 
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Diplosphaerina, with less commonly occurring Parathurammina and 
Eotuberitina (nomenclature from Conil and Lys, 1964)• They occur with 
moderately to poorly preserved endothyrid and archaediscid 
foraminifera, Productid brachiopod valves, crinoid ossicles and 
Girvanella fragments in a lime mud matrix or more commonly a calcite 
spar cement• Calcispheres range in size from 30 to 90pms (only spined 
varieties, Parathurammina range up to 150pms)• Peloids are also 
abundant, and with a size range of 30-60 rms• In the Namur region, 
calcispheres are less varied, usually simple spheres (Archaesphaera). 
The fauna is varied and typical of MFl• No sedimentary structures have 
been seen within these beds• The sediment is homogeneous, bioclasts are 
distributed evenly throughout. MF1.4 is moderately well-sorted, fine 
grained sediment• 
Interpretation: 
A fairly diverse fauna occurs with abundant calcispheres 
indicating normal marine conditions• Calcispheres are thought to be the 
reproductive parts of dasycladacean algae (Marszalek, 1975) although 
they are rarely seen together• It is probable that the delicate 
calcispheres are transported, possibly into deeper water than the area 
of dasycl~dacean growth• The fine grain size, poor sorting and lime mud 
matrix may indicate a low energy depositional environment, slow 
deposition and a lack of winnowing• The sediment may contain the finer 
material from MF1.4 which had been winnowed out of adjacent deposits 
into deeper water. They are common in many Palaeozoic limestones, 
particularly fine grained micritic sediments of back reef or lagoonal 
origin (Tucker, 1981; pl09) 
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Fig 5.4 01. Calcisphere packstone (MF1.4) Calcispheres with a variety of 
bioclasts comprising a typical Dinant region assemblage. XPL 
Figure 5.4b MF1.2 Echinoderm-foram-calcisphere wackestone 
127 
5.;1.;5.; MF1.;5 Coral Grainstone-boundstone 
Distribution: 
This microfacies forms the coral boundstone& of lithofacies LF3.; 
It occurs most commonly in the Namur region, interbedded with MFl.l or 
MF1.;3.; 
Description: 
The main component of the coral colonies is formed by either 
Lithostrotion martini or Syringopora.; The cavities between corallites 
are small.; Interstitial sediment may be bioclastic fragments and fine 
grained peloids in a coarse spar cement or homogeneous micrite with 
rare bioclastic fragments.; Bioclasts are most commonly composed of a 
MF1.;2 faunal assemblage, although other MFl fo~sils (crinoid ossicles, 
foraminifera, Koninckopora and calcispheres) occur.; Fine grained 
• peloids {(20fm) are abundant in this microfacies.; There is little 
evidence of an infauna, in samples studied, possibly because cavity 
size is small.; Of the algae common within this sediment, only 
Koninckopora (MF1.;3) is associated with MF1.;5. 
Interpretation: 
Lithpstrotion corals were unable to attach themselves to a hard 
substrate after their juvenile stage, they preferred to develop in soft 
sand or mud (Clarkson,l979).; They indicate the presence of warm, 
shallow water, with fairly low energy conditions allowing colonies to 
stabilise and grow.; Lime mud peloids are common within corallites.; 
Coral colonies formed extensive tabular bodies of low relief on the sea 
floor, and may have acted as slight barriers to water circulation.; 
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5.1.6. MF1.6 Bryozoan Boundstone 
Distribution: 
A bryozoan patch reef occurs within the Livian Formation to the 
north of Namur• The bioherm lies at the entrance to the quarry at 
Bomel• It was discovered and described briefly by Lauwers (1983). No 
other patch reefs of similar age are known on the southern margin of 
the Brabant Massif in Belgium• This patch reef is about SOm x 75m, 
approximately oval in plan and about 10m high• Although minor faulting 
occurs around its edges, it is thought to be of V2bB age, the same as 
the beds in the main quarry face• Sediment making up the patch reef can 
be divided into reef core, reef flank and cavity filling sediments• 
Cavities are rarely filled with fibrous calcite spar cements (section 
7.2.2); the most common cavity filling sediments comprise peloidal 
grainstone, bioclastic grainstone and microbial laminite• The variety 
of bryozoan framework and cavity fi 11 produces a heterogeneous 
appearance• The reef base is not exposed, although underlying strata 
must have been hard since bryozoans require a hard substrate for 
colonisation. Bryozoan zoaria are most densely packed in a rounded cone 
shape, at the centre of the reef outcrop and towards the northern edge 
'_. 
of the exposure; the reef framework becomes more open, incorporating a 
greater quantity of sediment towards flanking beds (Fig 5.5)• There is 
no bedding within the bioherm, changes in sedimentation are irregular 
and localised• Thin beds of talus cover the top and southern edge of 
the bioherm• The northern edge was removed during quarrying• 
Description: 
Bryozoan Framework: 
The main lattice of the patch reef is constructed by fenestrate 
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Fig s.s Field sketch of bryozoan patch reef, insets show variations 
in the distribution of bryozoa 
A Well spaced trepostome and fenestellid zoaria. Areas between bryozoa 
commonly filled by fine grained micrite 
B Closely spaced fenestellid and coated trepostome zoaria• Coarse 
grained, echinoderm rich cavity filling sediment 
C Stromatolite overlain by coarse grained bioclastic sediment, with rare 
coated trepostome zoaria 
D Thinly coated fenestellid and trepostome zoaria, leaving a few 
cavities filled by fine grained micrite 
E Fenestellid and closely packed, coated trepostome zoaria; fine grained 
cavity filling sediment 
F Tightly packed fenestellid zoaria with rare cavities filled by micrite 
G Well spaced fenestellid and trepostome zoaria with micritic sediment 
stromatolites and coarse grained bioclastic sediment 
H Planar stromatolite coating part of bryozoan framework, overlain by 
ooid grainstone 
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bryozoans (Fig 5.6); some of which have been tentatively identified as 
Fenestella ivanovi and Fenestella bicellulata (Bancroft pers. comm.).; 
Colonies are so closely packed and interwoven that few cavities 
developed.; Stenoporid trepostome zooaria are also important 
contributors to the framework• They occur in the centre of the outcrop 
closely packed around and within the Fenestrate core.; Locally 
Fistulipora, an encrusting bryozoan coats parts of the lattice (Fig 
5.7).; Microbial organisms, possibly blue-green algae form 5-lOmm thick 
coats around colonies and branches of bryozoa which severely reduces 
cavity space (Fig 5.;8).; They also coat brachiopods and small gastropods 
within the reef• Cavities are rarely more than lOmm across. 
A significant part of the patch reef comprises encrusting 
microbial organisms or blue-green algae.; Microbial binding seems to 
have occurred in several stages and probably enhanced the stability of 
the reef following death of individual or groups of zoaria• Gastropods 
are attached to both bryozoans and micobial organisms. Other rarely 
occurring fossils present in the reef assemblage are beresellid algae, 
Lithostrotion or Syringopora corals and sponge spicules. Algal laminae 
20-200fm (rarely 400fm) form concentric layers 3-lOmm thick around 
' : 
branches and colonies.; Rarely tubes and spheres (20-40fm diameter) 
filled with calcite spar cement occur within these layers: these are 
presumed to be the remains of filaments. Filaments may be individuals 
or in clusters, commonly parallel or rarely perpendicular to the 
encrusted surface.; This dense fenestrate bryozoan framework occurs over 
the central 10m of outcrop.; t,ocally within it are areas (0.2-0.;3m 2) of 
dominantly Trepostome framework• Much of this part of the patch reef is 
132 
Fig 5.6 
Negative prints of thin section, 
showing bryozoan framework 
Fig 5•7 
1..-
Brachiopod shell, overgrown by a fenestellid and encrusted by a 
fistuliporid 
I.._ 
Fig 5.8 Fenestellids coated thickly by microbial laminae 
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coated by a layer (O.;l-0.;2m) of microbial laminites.; Further from the 
centre of the patch reef, the bryozoan lattice becomes more open. 
Larger, centimetre sized cavities occur between the areas of dense, 
microbially coated bryozoan colonies.; A variety of cavity filling 
sediments occur in the spaces created by bryozoans.; These are locally 
observed in the centre of the reef, increasing in abundance towards the 
flanks.; 
The reef base is not seen.; Laterally equivalent beds in the 
adjacent quarry have extensive tabular Lithostrotion colonies 
developed.; These colonies have flat bases and tops and would have 
provided a firm substrate on to which bryozoans could attach 
themselves.; 
Cavity sediment: 
Three types of cavity filling sediment have been identified: 
peloidal micrite, bioclastic packstone, microbial laminite.; 
Peloidal micrite is the most common sediment. Peloids are 
spherical to ovoid, 20-30ym in size and composed of structureless, 
dense brown micrite.; Commonly, peloids may be preserved in a sparry 
calcite cement, producing a grainstone texture. Elsewhere, peloids have 
been compacted to be almost indistinguishable within a mudstone 
I .~. 
texture. Small cavities may be filled by layers of graded peloids (Fig 
5.;9).; The numerous layers ·suggest a number of periods of sedimentary 
influx.; Large micritic peloids, some containing remnants of bioclasts 
occur locally.; Aissaoui and Purser (1983) proposed that internal 
sediments recorded particular environments.; Internal sediments and 
related early diagenesis are influenced by interstitial waters which 
evolve progressively as they pass through coastal sediments.; 
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0 .5.-. 
Fig 5.;9 Layered peloidal cavity filling sediment in bryozoan patch reef 
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Bioclastic packstone_ occurs as lenses within the peloidal 
sediment. Echinoderm and brachiopod bioclasts are an important 
component of the fauna.; Whole shells are preserved in some cavities 
probably representing infauna.; Elsewhere, disarticulated and fragmented 
shell debris probably records transported talus. Other )ioclasts 
include _trep_9stome_ fragments, gastropods, crinoid ossicles, ostracods 
and rare sponge spicules. Intraclasts of microbial laminite may occur.; 
The matrix of this sediment comprises fine grained peloids and lime mud 
producing a wackestone to packstone texture.; 
Microbial laminites form bands 0.;05-0.;2m thick extending for 2-5m 
through the reef.; Microbial laminae have an even thickness.; They may 
have been formed by Girvanella but the poor preservation of algal 
filaments prevents further identification. Tubules, 20-25fm in 
diameter, lying parallel to microbial laminae are present.; Microbial 
laminae are flat and encrust bryozoans and local infauna.; Cracks occur 
rarely in the surface of the microbial laminite, these may possibly be 
due to desiccation. These cracks are shallow and V-shaped, usually 
filled with small peloids.; Irregular small burrows occur within the 
microbial laminae.; Burrows may be up to lmm wide and 4mm deep and 
filled with ostracod shells, peloids or small ooids.; Ooids overlie the 
' :. 
patch reef in some areas.; 
Interpretation: 
The patch reef consists of microbially coated bryozoan boundstone 
of very shallow water origin.; This probably acted as a submerged island 
and may have caused local restrictions to circulation.; Talus beds are 
not well developed so it is assumed that the mound was not exposed to 
wave action. Bryozoans are known as reef dwelling organisms, both as 
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frame builders and sediment binders through geological time. Bryozoans 
have no definite depth limits; they are controlled by temperature, 
salinity, a hard substrate and a lack of wave action (Clarkson, 1979). 
They prefer a firm substrate on which to develop. Small reefs may 
develop up into the wave base and therefore the final height of the 
reef may indicate the maximum possible water depth on the platform• It 
may have been considerably less if sedimentation kept pace with the 
growth of the mound. The patch reef is about 10m high• The reef is 
encrusted throughout by blue-green algae which flourish in shallow 
water• Periodic breaks in reef growth are probably indicated by 
stromatolite layers developed across the bryozoan network• No erosion 
surfaces are obvious in the reef. Algal coating is so well developed 
that broken zoaria may be obscured• 
The most prominent and typical Carboniferous reef facies are the 
Waulsortian mud mounds• These are abundant in the Tournaisian to the 
south of Dinant. They are typically accumulations of mud with sparse 
scattered fragments of fenestellid bryozoans, crinoids and ostracods 
(Lees, 1982) which developed in 400-200m water depth, both photic and 
aphotic conditions (Lees and Miller, 1985). Early lithification of the 
mounds is recognised by the occurrence of mound fragments in adjacent 
sediments (Schwarzacher, 1961)• Except for the stromatactis pore fill 
cement, marine fabrics such as aragonite fans and isopachous magnesian 
calcite cements do not act as important structural components• In 
contrast, this mound at Bomel and others e.g. Nova Scotia (Schenk and 
Hatt, 1979) and Newfoundland (Knight, 1983; Dix and James, in press) 
show well developed baffle networks of corals, bryozoans and microbial 
communities• The skeletal framework, associated micritic laminae and 
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petrological characteristics of the Bomel mound compares well with 
those of the Visean of Newfoundland. These Canadian bryozoan mounds are 
thought to have inhabited rocky shorelines, in an agitated environment 
with a hard substrate possibly close to a source of fresh water; this 
would provide a nutrient source and reduced salinities for the prolific 
growth of a euryhaline fauna (Schenk and Hatt, 1979). Bancroft and 
Somerville (1986) have documented a similar Dinantian bryozoan patch 
reef as having grown in a shallow marine environment, with parts of the 
structure having extended into a shallower, higher energy regime and 
the capping beds developed just below wave base.; Other similar build 
ups are e.;g.; Permian of N.;E.; England (Smi·th, 1981) which are also 
overlain by domal stromatolites and interpreted as having developed in 
an open shelf environment with subsequent attenuation of bryozoan 
colonies due to increased salinities caused by falling sea level.; 
Recent bryozoan reefs from Joulters Cays, Bahamas o~cur in tidal 
channels, several lOO's km wide, between normal marine conditions and 
brackish waters of fluctuating salinities (Cuffey et al.;, 1977).; 
The reef at Bomel probably formed under water on a broad shallow 
tropical carbonate marine shelf. Construction of the patch reef relied 
upon the trapping and binding of mud between bryozoan skeletons and 
' : 
microbial organisms.; Early lithification (section 7) was also an 
important part of stabilising the mound.; 
5.;1.;7.; MF1.;7 Coral-Brachiopod Wackestone 
Distribution: 
This microfacies is coincident with lithofacies LF4.; It occurs as 
discontinous beds throughout LFl and LF2.; 
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Description: 
This microfacies is composed of a dense micrite with either 
brachiopod valves or Lithostrotion ~· corallites. Brachiopod valves 
and corallites are rarely compressed or broken whereas the micrite has 
compacted into small (<8mm2) irregular lumps. These micritic lumps are 
bounded by stylolites up to lOmm apart• Apart from the coral and 
brachiopod fragments, only tiny unidentifiable bioclasts occur within 
the matrix• There is no obvious bedding or lamination in the micrite; 
the nodules are of similar texture and components• Stylolites are 
irregularly orientated creating a nodular appearance. They may or may 
not be parallel to bedding.; Organic matter is commonly concentrated 
along stylolite horizons imparting a brown colour• 
Interpretation: 
This microfacies tends to be limited to a particular family of 
• either corals or brachiopods. Shells are abraded, locally micritised. 
They tend to be the deposits of shallow normal marine salinity water 
and low energy environments• Bimodal sorting occurs in sediment where 
larger shell fragments were abraded and worn by wave action on shoals 
and ultimately deposited with peloidal mud in quieter water• Variable 
compactio~ may indicate a relatively high clay content• 
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5.2 Microfacies Association 2 
Introduction 
This group corresponds to LF6 and LF7 and tends to occur in the 
middle and upper parts of each cycle.; Microbial organisms and blue-
green algae are the distinctive contributors within this microfacies 
association.; The binding action of microbial mats can be seen in the 
field coating grains and forming growth lines within stromatolites.; 
However, their presence is more obvious in thin section• The 
preservation potential for delicate algal filaments is low: commonly 
filament edges are micritic with spar filled centres occurring within 
micritic sediment. With a few exceptions, the MF2 microfacies tend to 
be localised, patchy occurrences which change rapidly along any one 
horizon contrasting with the laterally extensive well bedded deposits 
typical of the MFl microfacies association. The variation in texture 
can be rapid from mudstone to grainstone to boundstone. Grainstone& are 
common in MF2•2 and MF2.;3, making them more easily identifiable in the 
field.; 
The vertical and lateral boundaries between microfacies in this 
, :. 
association are clearly defined, commonly wavy or irregular in 
' 
appearance and not necessarily parallel to the bedding surfaces of the 
underlying MFl beds. They are not based solely on fossil occurrence, 
abundance and grain size.; Microbial mats are widespread; binding 
dominantly micritic sediment in unusual and irregular patterns to form 
stromatoliteso Stromatolites are a common and important feature of the 
sedimentary sequence and have been described in chapter 4. Some can be 
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simply classified into either microfacies MF2•3 or MF2.4, others, 
however incorporate a combination of sediments of many different 
microfacies.; 
Bioclasts of ostracods, gastropods and a severely reduced MFl 
fauna are common within these sediments (section 1.;10).; Although 
microbial organisms are fundamental in binding sediment of MF2.1, 2.;4 
and 2.;5, other bioclasts are important• Within the association of MF2 
microfacies a different faunal assemblage develops. Locally fragments 
of blue-green algae, mainly Girvanella !.e.• and locally Ortonella !..£ 
are preserved. Spongiostromata (Pia 1927) was a term used to describe 
all blue-green algal forms lacking microstructure, such as those 
forming stromatolites• It is an apt term for many of the horizons which 
appear to be of microbial origin, but have few distinguishing algal 
filament features.; However, doubts have been raised as to the nature of 
• the organisms responsible for sediment binding; whether algae, 
cyanobacteria or microbial organisms (section 4) The MF2 fauna also 
comprises ostracods, gastropods and some bivalves which it has not been 
possible to identify.; Unbroken brachiopods occur in MF2.;l, but are rare 
elsewhere occurring with crinoid ossicles as small abraded fragments. 
These bioclasts are too small for identification.; Gastropods are 
'·' 
commonly unbroken and preserved within micritic sediment, although 
their shells are neomorphosed• Corals, green algae and bryozoans of the 
MFl faunal asssemblage are absent. Foraminifera and calcispheres are 
very rarely present~ Gastropods are found encrusting stromatolites. 
Signs of early cementation are suggested within MF2 by the presence of 
intraclasts, grapestones and the forms of coated grains. 
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5.;2.;1.; MF2.;l Oncoid Wackestone 
Distribution: 
This microfacies forms laterally extensive beds, up to 0.;5m thick, 
within lithofacies LF6. It occurs as a transition lithology between MFl 
and MF2 and within MF2 sedimentary assemblages of some cycles. Oncoids 
are best devloped in the V2bf cycle and the V3aoc, but occur on a more 
local scale in other cycles. 
Description: 
It is a muddy, structureless to fine grained peloidal, micritic 
sediment, containing oncoids and fine grained abraded unidentifiable 
skeletal debris.; Bioclasts, commonly whole brachiopods (Composita sp 
and Linoprotonia corrugatus,) have thick coats.; These coats are 
interpreted as being of algal origin even if algal filament structure 
cannot be clearly seen.; Composite algal layers may form coats up to 
15mm thick.; Laminae are a few microns thick and usually concentric, 
they may be crinkled and highly irregular.; Ooids and uncoated bioclasts 
are also present. Oncoids differ from algally coated bioclasts in 
growth form, environmental setting and matrix. The appearance of the 
algal layers coating clasts in MF2.;l oncoids is generally thicker and 
more closely spaced.; They commonly preserve tubular algal filaments 
within the encrusting coat, which may not grow as isopachous coats of 
concentric laminae• The final appearance of the oncoids is usually 
spherical. The fauna in MF2.;l is limited and may be reduced to one or 
two species of brachiopod in oncoid horizons.; Geopetal structures are 
common within Composita shells (Fig 5.;10); these may record angles of 
deposition similar to bedding or angles contrary to each other and 
bedding, suggesting formation prior to deposition.; Sediment around 
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Fig 5.10 Negative print of thin section: oncoid showing geopetal structure 
(MF2.1) 
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oncoids in MF2.;l is commonly a poorly sorted peloidal micrite. Small 
micritic peloids, 15-60 ym are distinct. Some of the smaller peloids, 
15-30 ym have a radial fibrous coat of calcite cement 20-30 ym in 
radius, similar to 'incipient ooids' discussed in MF2.;2.; Radial fibrous 
calcite cement, up to lmm thick, is rarely developed between the algal 
laminae which surround oncoids.; Amongst the peloidal sediments are 
simple calcispheres and some forams. These are not coated by algae.; 
Clusters of Ortonella ~· algal filaments are rarely preserved within 
the peloidal matrix.; Calcite spar occurs filling laminoid fenestrae 
within algal layers and above geopetal structures. 
Interpretation: 
The fauna of MF2.;l is limited.; Oncoids are commonly formed on 
whole Composita brachiopod shells and only fine grained bioclastic 
debris remains in the matrix. Shell debris must have been derived from 
an area with moderate to high wave or current activity. Composita can 
tolerate slightly hypersaline conditions (Poty, 1981).; Oncoids are 
developed from a combination of algal growth around a bioclast and 
precipitation of calcium carbonate which produces interlayering of 
algal laminae and micrite. Flugel (1982) defines oncoids as thin coats 
of blue green algal or microbial filaments around grains. He suggests 
that their size and shape depends on the water energy and type of 
adjacent sediment.; They form in shallow subtidal to lower intertidal 
areas, commonly with restricted water circulation in water of most 
salinites (Aitken, 1967; Logan et al.;, 1964). Oncoid coats are 
approximately concentric and isopachous.; Filaments tend to decay 
rapidly and it is often difficult to relate the remnant microstructure 
to the organism which formed them. It is assumed that to develop 
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concentric coats, water movement was required to turn oncoids over at 
intervals to allow the coats to grow evenly around bioclasts.; However, 
the abundance of micritic matrix is not consistent with a moderate 
degree of water movement.; The oncoids may have developed on the side of 
a channel or shoal and been moved subsequently to be buried in either 
deeper or shallower water in a muddy facies.; Irregularities in oncoid 
coats are probably due to interruptions to growth either because of 
rotation or erosion of the oncoid surface.; Irregularly orientated 
geopetal structures in most nucleii suggest that Composita shells were 
deposited and subsequently filled with muddy sediment which was 
cemented prior to the deposition of the final oncoid.; This oncolitic 
wackestone texture probably records quiet water sedimentation possibly 
around the edge of an area with gently moving water such as shoals, 
lagoons, ponds or channels.; These combine a faunal restriction with 
quieter water and abundant blue-green algal colonisation. 
5.;2.;2.; MF2.;2 Coated-grain Grainstone 
Distribution: 
Microfacies 2.;2 and 2.;3 commonly occur as small lenses of sediment 
or thin beds, 0.;05-0.;2m thick.; They are coarse to medium grained, 
composed of ooids, superficial ooids· or coated bioclasts with 
algal/micritic coats around them.; The grain size in microfacies MF2.;2 
and 2.;3 is noticeably coarser than that of other microfacies within 
this MF2 association, allowing easy field identification.; Coated grains 
are found throughout the Livian Formation• They are more common towards 
the east in the Namur region and in the lower parts of cycles in the 
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southern Dinant region• MF 2.3 is distinguished as a pure oolitic 
grainstone. 
Description: 
Coated grain sediments are moderately to well sorted unimodal or 
bimodal grainstones. The grains are thought to have formed during 
synsedimentary precipitation of marine cement on existing depositional 
grains. Fine grained peloids may occur between coated grains to produce 
a bimodal texture• The bioclasts which are coated include gastropods, 
ostracods, crinoid ossicles, brachiopod valves and spines with very 
rare occurrences of MFl bioclasts• Most of these bioclasts are 
surrounded by brown, thin, 3fm concentric micritic laminae which form 
50-125fm thick coats (Fig 5.11). Initially laminae mimic the shape of 
the original bioclast, but they develop gradually into a spheroidal or 
ovoid shape• This microfacies varies texturally from wackestone to 
grainstone• Where matrix is present in these coated grain facies it is 
micritic• The micrite may be composed of very fine peloids and fine 
bioclastic debris with microspar or fine grained calcite spar between 
producing a clotted texture. Cayeux (1933) identified a similar texture 
within micritic sediments which he termed 'structure grumuleuse'. 
Grapestones and intraclasts may also occur within this microfacies. 
Intraclasts tend to be parts of early, fibrous cemented crusts, which 
have been developed through penecontemporaneous reworking. Grapestones 
are aggregates of carbonate grains, usually semi-hardened micritic 
peloids 100-350 rm, which are cemented together• The outside of 
grapestones may be bored by endolithic algae in a similar manner to the 
peloids described in MF3•1• The cement holding grains in a grapestone 
together is rarely visible within micritic sediment and is therefore 
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Fig 5ella Negative print of thin section, showing coated grains (MF2.2) 
0.2..-n 
Fig 5ellb Coated grains, bioclasts irregularly coated by micrite, boring by 
endolithic micro-organisms. PPL 
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assumed to be micritic calcite. Other clasts incorporated into 
grapestones are bioclasts, coated grains and ooids. 
Intraclasts are_developed in the Arabian Gulf (Purser, 1973), 
Shark Bay (Logan et al., 1970) due to the precipitation of aragonite 
during evaporation of marine water in intertidal to lower supratidal 
areas• The presence of grapestones is significant• They are thought to 
develop in warm, shallow water environments with moderate circulation, 
possibly slow moving currents or low wave energy• Kendall and Skipwith 
(1969b) described a variety of aggregates and grapestones forming in 
lagoons of the Arabian Gulf during periods of minimal wave activity, 
the surface sediment is bound initially by an organic slime forming a 
thin crust. A similar feature has also been described in the Bahamas by 
Purdy (1963). On intertidal shoals binding may be caused by this slime 
or by incipient aragonite beach rock cement which is precipitated at 
low tide in hot climates (Ginsburg 1956). When blue-green algae growing 
on the tidal flats photosynthesise, variations caused in the chemistry 
of the immediate vicinity may encourage the precipitation of a thin 
aragonite crust which cements and fuses grains (Bathurst, 1975; Hardie 
and Garrett, 1976; Monty and Hardie, 1976) The longer the area is 
unaffected by waves, the greater the binding effect of the crust. The 
' :, 
crust is easily broken up by waves into its constituent parts but 
gentle wave action on a strongly cemented crust results in aggregates 
such as grapestones• Grains within a grapestone become less distinct 
with increasing degrees of cementation. 
Superficial Ooids: These are usually coated peloids of two different 
types; 'incipient ooids' and coated peloids. 
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a) Incipient Ooids 
These are spheroidal bodies, <lOOpm diameter. They consist of a 
spherical nucleus of dark, dense, micrite 15-30pm diameter (similar to 
peloidal cements), coated by a thick isopachous layer of fibrous 
calcite orientated radially around the nucleus. s.E.M• reveals a mesh 
of microcrystalline calcite crystals forming the nucleus, surrounded by 
coarser crystals with fibrous tendancy• Their cortex may have one or 
~6.1'3 
two dark brown, micritic, concentric bands (Fig 5•12)• They occur 
with oncoids, pillar or domal stromatolites and rarely in areas with 
abundant fine grained peloids, 15-3~m. Spherulites, that is spheroids 
of radial fibrous calcite 30-60ym diameter and without nucleus also 
occur. A spherulite is a spherical body with a primary radial structure 
which has formed in situ (Pettijohn, 1975). They develop in or adjacent 
to oncoids, stromatolites or microbial laminites• 
Spherulites are ochre-brown colour in transmitted light. 
Their outline is perfectly circular in cross section unless they 
have subsequently been affected by compaction or pressure solution at 
grain contacts creating planar boundaries. If several spherulites 
develop in close proximity, a clast of mutually interfering polyhedra 
forms with compromise boundaries. the radial fibrous appearance is 
caused b'y acicular crystals, <S.Jlm wide by 30Jlm long• Under crossed 
polars, spherulites may rarely exhibit an extinction cross. Neomorphism 
has affected some spherulites, causing dark concentric rings within the 
'cortex'• 
The observed mutual interference patterns at contacts suggest that 
they did not need to move around to develop. Nuclei! are not always 
visible; rarely, micritic centres can be seen.; 
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Fig s.12 Bimodal oolite (MF2.3)• Larger radial-concentric ooids 
and smaller radial ooids with peloidal nucleii PPL 
Fig s.lJ 'Incipient' ooids (MF2.2) developed on tiny micritic nucleii 
1 51 
Discussion: 
Spherulites have been documented in recent stromatolites• Blue-
green algae are known to form pellet-like structures as their cells 
calcify; associated spherulites are thought to be of algal origin (de 
Meijer, 1971; Friedman et al., 1973; Buchbinder et al., 1974). In the 
absence of filamentous remains, Buchbinder et al• (1974) presumed that 
spherulites are associated with non-filamentous blue green algae. The 
development of this type of carbonate precipitate developed very early 
to allow spherulites and presumably incipient ooids to become 
depositional grains. They tend not to be associated with very early 
cementation but are preserved with finely crystalline equant calcite 
spar. 
Spherulites have been documented in recent stromatolites (Monty, 
1967, 1976) and in ancient stromatolitic sediments (Friedman et al., 
1973; de Meijer, 1971; Hodgson, 1968). All of these examples occur in 
-
stromatolitic limestones, most commonly those with a thrombolitic 
texture. 
Spherulites may have grown on o.. medium capable of producing or 
supporting fine grained micritic peloids on which many spherulites grew 
and with which they are associated• 
Spherulites are commonly associated with stromatolites but rarely 
where algal filaments are well preserved. Hudson (1970) noticed that 
conditions favouring spherulite formation were unfavourable to the 
preservation of Cayeuxia algal filaments. 
It is thought that microbial organisms within stromatolites may 
have been responsible for the precipitation of spherulites. There is no 
good evidence for sulphate reducing or denitrifying bacteria, aerobic 
or anaerobic conditions. 
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b) Coated Peloids: 
These are irregular in size, as their size depends on the peloidal 
nucleus. Peloidal nuclei! are micritic, either micritised skeletal 
grains or faecal pellets.; They tend to be ovoid in shape, 0.;2-lmm in 
diameter with a smooth outer surface. Internally, peloids may show 
signs of algal boring or remnants of skeletal materiaL They occur 
with large uncoated peloids in equigranular peloidal grainstones, and 
as fill between stromatolite heads.; 
Straw-yellow isopachous fibrous calcite rims are common in coarse 
(k~ 1.1) 
grained sediments of the Namur region~ Rims are up to 4oyms thick, 
although locally they may thicken to 80.fm thick.; The calcite cement 
rims have an acicular appearance, caused by the presence of substrate 
normal inclusions. Acicular crystals of non-ferroan calcite may be 
preserved around some grains (l-2ym wide, 20-40fm long).; They tend to 
be parallel sided and have unit extinction, but may rarely thicken away 
from the substrate.; Crystal terminations are irregular, triangular, 
~r~~*S==Bm~a===s~•~ea~•~~~J~;=a·a=~;~'E·eaa~J=e~a~s~=~;B,£~·~·~~~·· A well preserved cement rim 
. : 
may exhibit sweeping extinction around a grain.; However, in most 
instances, patchy degrading neomorphism has caused the original fibrous 
crystal texture to alter to a finely crystalline microspar mosaic, with 
crystals <3fm diameter.; Neomorphism is initiated at the edge of the 
nucleus and gradually works outwards through the cement. Thus a grain 
may be coated initially by finely crystalline equant microspar which 
grades into fibrous crystals.; The equant crystals produced by 
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neomorphism have unit extinction and although they tend to coarsen the 
crystal texture, they preserve the sweeping nature of the extinction 
pattern. Locally grains are cemented together, although these grains 
have usually acquired an individual isopachous coat. Stylolitic 
contacts are very rare• 
These fibrous calcite rims are thought to have been precipitated 
from carbonate saturated marine waters• Nucleii tend to be well sorted 
and rounded either naturally or through abrasion. Concentric coats may 
be micritic layers or similar to ooids. It is therefore assumed that 
the coated bioclasts formed in areas of constant wave action at or 
above wave base so that grains could be continuously moved around 
whilst lime mud was removed• 
Pisoids: 
The term pisoid was defined by Peryt (1983) to describe a grain 
• similar to an ooid but less regular in form, commonly crenulated and 
generally more than 2mm in diameter. In these sediments, peloids with 
multiple, irregular, fibrous coats occur• These have been described as 
pisoids to differentiate them from coated peloids. 
Distribution: 
Pisoids occur locally within moderately well to poorly sorted 
. : 
peloidal packstones and wackestones, commonly in sediments containing 
grapestones. Coated grains with crenulated edges (pisoids) are not 
always >2mm in size in these sediments. 
Description: 
The nucleii are large peloids i.e. micritic and subrounded in 
shape, or several peloids• They may have been faecal pellets• Their 
size varies from 100 to 250fm in diameter. Micritic nucleii may may 
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have a vuggy edge due to algal boring. Each nucleus is surrounded by an 
uneven coat of fibrous calcite cement. Several uneven but concentric 
coats surround the nucleus (Fig 5.;14). 
Each cement layer is about 40fm thick and is separated by a thin 
layer of micrite lOfm thick (rarely up to 80pm). Up to 4 layers may 
develop, each <40.fm wide, comprising 6fm wide columnar to acicular 
crystals. Crystals do not grow in optical continuity with those in 
adjacent layers. The micritic separating layers may be of lime mud 
sediment, the remains of binding micro-organisms or the result of 
microbial binding.; Outer cement layers are commonly dark brown and 
inclusion rich. Some layers have highly irregular outer edges; this may 
also be due to microbial boring as in peloidal grainstones (section 
5.;3.;1).; 
Each phase of cementation has been interrupted by the deposition 
of a layer of micrite, which may have been derived from either marine 
sediment or encrusting marine organisms. Modern fibrous cements may be 
associated with micritic cements and micritisation due to boring algae 
(Halley, Harris and Hine, 1983). 
There are many suggestions for the formation of pisoids which are 
known in Recent terrestrial, lacustrine and marine environments.; 
·.' 
Pisoids have been described as being commonly associated with tepees in 
a marine vadose fenestral pisolitic limestone, interpreted as 
representing intertidal and supratidal zones within an arid climate 
(Assereto and Kendall, 1977).; Esteban and Pray (1976) while noting that 
pisoids are commonly associated with vadose conditions, remark that 
they can form subaqueously in shelf carbonate deposits.; It has been 
suggested that irregular micritic laminae and radial fibrous coats such 
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as those described above may have developed in hypersaline conditions 
(Bathurst 1975, Inden and Moore 1983).; Loreau and Purser (1973) 
document similar pisoids in the Arabian Gulf in a low energy 
hypersaline environment. They may form by chemical precipitation from 
agitated or non agitated solution or in hypersaline environments 
(Scholle and Kinsman, 1974).; They form during subaerial exposure and 
soil formation. 
It seems likely that the pisoids in a poorly sorted sediment 
represent precipitation ana deposition in a moderate to low energy, 
possibly hypersaline area with little reworking. Pisoids occur in 
peloidal grainstone to wackestone sediments• They were probably 
deposited as part of a beach or barrier or on moderate to low energy 
tidal flats, depending on the amount of wave and tidal current energy. 
A beach might record well sorted pisolitic, oolitic intraclastic 
grainstone whereas tidal flat deposits tend to be poorly sorted lime 
packstones to wackestones with fenestrae. 
Coated grains may occur in a wackestone in which the micritic 
matrix may be either fine grained peloids or dense micrite.; This 
records a te.xtural inversion and may have developed in lows adjacent to 
shoals. T_he particles within the sediment were probably formed in a 
' : 
high energy environment and have probably been moved down local slopes 
to be deposited in quieter water. These types of coated grains and 
grapestone record contrary environments and may indicate reworking.; 
5.;2.3.; MF2.;3 Ooid Grainstone 
Distribution: 
Although ooids are coated grains, for the purposes of this study 
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Fig s.l4b Pisoids: multiple layers of non-lsopachous calcite cement developed 
around micritic nucleii. (MF2.2) PPL 
0.15mM 
Fig 5.14a Pisoids: multiple layers of isopachous calcite cement growing around 
an intraclast of peloids. (MF2.2) PPL 
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it is convenient to discuss them separately• Ooids occur in two 
contrasting situations; patchily amongst small to medium pillar and 
dome stromatolites (MF2•4-2.5) in the Namur and Vesdre regions and 
associated with bioclastic grainstones (MFleS) in the Dinant region• 
Coated grain microfacies occur as thin beds or lenses between lime mud 
horizons. Commonly the microfacies occurs as sediment filling in 
between stromatolite beads• Oolites are found as thinner beds and may 
be continuous across outcrop• Only very rarely is there any thin cross 
lamination within beds• Oolites occur in thin discontinuous beds and 
may be cross bedded• They commonly occur as grainstones within clear 
calcite spar cement• 
Descriptionz 
Ooids are commonly spherical, also non-spherical or compound 
ooids• Intraclasts occur but are less important; small peloids define 
vague laminae within the oolite• Some ooids have been micritised, 
though they may retain some evidence of their original cortical 
fabrics• Ooid cortices are usually complete; however, some ooids have 
been distorted and deformed through compaction and diagenesis (see 
section 7.6)• Ooids in the Dinant region are well sorted, usually 
spherical in shape and of compound radial-concentric nature• 
Spherical ooids are often bimodal in size ranging from 80-SO~ms 
in diameter. Nucleii are not always visible at ooid centres. Ooid 
cortical fabrics are generally well preserved• They can be grouped into 
radial and radial-concentric categories. These fabrics are now calcite. 
Since ooids retain much of their original structure and do not show any 
obvious replacement it is assumed that they were originally calcite• 
The commonest type of cortical fabric is radial concentric 
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(Heller, Komar and Pevear,l980); composed of concentric, isopachous 
layers of radiating acicular calcite crystals (Fig 5•15). The calcite 
crystals vary from 5-2~m in length according to layer thickness• They 
exhibit a radial fibrous extinction pattern which, because crystals in 
successive layers are syntaxial, produce a pseudouniaxial cross in 
sections which transect the nucleus. This type of fabric has been noted 
previously by Davis and Martin (1976) forming in Recent aragonite 
ooids• These crystals may or may not radiate from around a nucleus. 
Textures similar to this fabric have been termed 'radial-concentric' by 
Heller, Komar and Pevear (1980) or 'banded radial' by Wilkinson and 
Landing (1978) and Medwedeff and Wilkinson (1983). The isopachous 
banding is due to simultaneous cessation of calcite crystal growth 
around the ooid• Clay mineral particles or organic matter may collect 
between fibres during growth or be trapped around this surface when 
calcite precipitation recommences• S.E.M• studies show that these bands 
occur all through the ooid but that they are only clearly pronounced at 
the edges• Irregular shaped holes occur within and between calcite 
crystals in the cortex. 
The crystals making up the cortex of radial-concentric ooids are 
fairly uniform. They are individual fibres radiating outwards• In each 
layer optical continuity is continued from the underlying crystals. 
This allows for sweeping extinction under crossed-polars• In some ooids 
the fibrous crystals thicken into broader columnar crystals• 
Another feature of ooid cortices are micritic areas of anhedral 
crystals <3pm diameter and unidentified material which form irregular 
patches or vague concentric layers to better defined radially arranged 
wedge shaped ray structures• These areas typically have a brown colour, 
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Fig 5.15 S.E.M. photographs of ooid structure showing both radial and 
concentric crystal arrays 
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in plane polarised light in otherwise colourless to yellow cortices. 
They may form complete rays from the centre to the outside of the 
cortex. Micrite, clay minerals or organic matter were trapped locally 
between fibres during growth both radially and concentrically. These 
rays are a common feature of radial concentric ooid fabrics. In cases 
in which ooids comprise two different cortex fabrics, rays may exist in 
the radial-concentric part but not in the other part• The edges of 
ooids are rarely overgrown by dolomite rhomb or quartz crystals at 
their edges. Small microdolomite rhombs may indicate a high magnesium 
calcite ooid precursor• 
Some radial concentric ooids may have radial centres with 
concentric outer layers. In these outer layers, there may be signs of 
radial crystals in the well spaced layers• Ooids collected from the 
V3a~ sediments change from radial to concentric laminae when the ooid 
• reaches a certain size, whatever the original size of the nucleus. The 
larger the nucleus, the smaller the outer cortex. Nucleii are not 
always visible, they may be micritic spheres or more rarely rounded 
shell debris. Sandberg (1975) suggested that the radial-concentric 
structure can be precipitated during grain movement by incremental 
growth around a nucleus in a mud free environment. He suggested that 
dark rays may indicate ooid growth in a less turbulent environment 
where some lime mud is present. 
In radial ooids, cortical fabrics show no apparent concentric 
growth banding and commonly no nucleus• Towards the outside of ooids 
micritic rays occur• 
Ooids fall into two approximate size ranges: diameters ranging 
from 80-15<Jym and 250-500fm• The mode of ooid size may vary from one 
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place to another, their distribution may be unimodal or bimodal but 
they are moderately to well sorted.; Beds comprising radial ooids alone 
can be found, but in most outcrops a variety of ooid types occur. Many 
oolite beds have suffered severe deformation due to compaction which is 
discussed in greater detail in section 7.6. 
Discussion: 
Ooids with radial fabrics have been described from ancient 
sequences.; Modern normal marine ooids are aragonite and typically have 
tangential ~abrics (Loreau and Purser, 1973, Arabian Gulf). However, 
aragonite ooids with radial or mixed radial-tangential fabrics have 
also been reported (Davies and Martin 1976, Great Barrier Reef; Loreau 
and Purser 1973; Kahle, 1974, and Sandberg 1975, Great Salt Lake). High 
magnesium calcite ooids are less common, being found in deeper water 
environments of the Great Barrier Reef (Marshall and Davies 1975) and 
the Amazon Shelf (Milliman and Barreto, 1975).; They have radial fabrics 
but are Holocene in age, i.;e.; not forming today. Even rarer are mixed 
calcitic-aragonitic (two phase) ooids, which today form in schizohaline 
environments such as Baffin Bay, Texas (Land, Behrens and Frischman, 
1979). 
Ooils in ancient limestone are typically composed of low magnesium 
calcite and display a range of fabrics (e.;g.; Wilkinson, Owen and 
Carroll, 1985). Sorby (1879), Sandberg (1975) and Wilkinson and Landing 
(1978) and others have suggested that radial fibrous fabrics in ooids 
are primary. Sandberg (1975) used Great Salt Lake ooids (aragonitic, 
radial) to demonstrate this and suggest that radial fibrous calcite 
ooids in ancient limestone could also be primary.; Sandberg (1975) 
derived support for this theory from the observation that original 
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aragonite grains, including Pleistocene ooids and other bioclasts have 
typically been altered to coarse calcite spar with or without relic 
structures in ancient limestone. From this work came the recognition 
that original aragonite ooids have been similarly altered and form 
distinctive sparry structures contrasting with well preserved calcite 
ooids (Wilkinson, Owen and Carroll, 1985). Whether the present low 
magnesium calcite mineralogy of ancient radial fibrous ooids represents 
their original composition or is a result of fabric retentive 
replacement of high magnesium clacite radial fibrous structure is more 
difficult to assess (Sandberg, 1975; Tucker, 1984; Wilkinson et a1., 
1985). 
Interpretation: 
Since there are no visible replacement fabrics, the radial fibrous 
and concentric patterns are considered to be primary. Various 
suggestions have been proposed for the origin of radial fabrics. Heller 
et al. (1980) related the strong radial fabric of small ooids to 
precipitation during transport in suspension and the concentric fabric 
of larger ooids to abrasion during bed load transport. It is probably 
significant that the larger ooids commonly have radial centres which at 
a certain:· size give way to a more concentric structure. Ooids may have 
been transported to an area with different conditions or reached a size 
where they have a different hydrodynamic behaviour. In many ooids there 
is no obvious sign of abrasion between layers• In the radial-concentric 
ooids, the fabric is considered to be primary, developed through 
gradual calcite precipitation around a nucleus usually in a mud free 
environment• Reijers and ten Have (1982) suggested that different ooid 
structures are related to facies distribution and therefore to the 
163 
energy levels of the environment. The Belgian sediments show no such 
specific variation of ooid type with respect to facies distribution• 
Other authors have suggestions for the method of radial growth. Suess 
and Futterer (1972) concluded from experiments that ooids grew radially 
in quiet water and concentrically in agitated conditions• Some authors 
suggest hypersalinity might affect growth• First generation fibrous 
calcite cements are common in Palaeozoic and Mesozoic rocks• It 
therefore seems likely that these ooids are primary• 
The radial nature of calcite precipitation is probably enhanced by 
growth on a very small spheroidal nucleus. It may be that at some point 
during ooid formation, conditions such as tidal flow or sea level 
changed or that some ooids were reworked and moved to a new area with 
different conditions. 
Ooids form in shallow, agitated waters• Water movement is usually 
caused by tidal currents which also rework the sediment. Ooids may form 
shoals offshore or on tidal beaches. In the Dinant region, the presence 
of ooids around Dinant in the absence of tidal flat sediments suggests 
that shoals may have existed• MF1.4 suggests lagoonal conditions. If 
so, ooids may have been derived from a shoal to seaward• Closer to the 
Brabant M~ssif, ooids may have formed on small islands or shoals on the 
platform or in the beach environment close to tidal channels where 
water movement was at a maximum• Throughout the V2b in the Namur 
·region, tidal currents are presumed to have been obstructed by barrier 
islands which formed a lagoonal area. These would have inhibited the 
development of large quantities of ooids. 
Bathurst (1975) suggested that ooids may be formed in deeper water 
sediments than those in which they are preserved; some may be washed on 
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to an adjacent shoal where larger ones become trapped and smaller ones 
are washed back into the lagoon. Harris (1979) noted that on Joulters 
Cays, ooids with smaller nucleii tend to acquire thicker coats whereas 
larger nucleii only develop superficial ooids to produce a well sorted 
sediment. This microfacies records moderate water movement in a variety 
of environments. 
5.;2.;4.; MF2.;4 Algal Peloid Bioclast Wackestone 
Distribution: 
This microfacies occurs in the Namur and Vesdre regions, in close 
association with MF2.;5 interbedded with MF2.2 and rarely with MF2.3. It 
comprises lime mud sediment bound into stromatolites.; It forms 
irregular beds within LF6, thickness varies from 10mm-0.;5m.; 
• Stromatolites have a variety of growth morphologies which have been 
described in chapt'er 4.; This microfacies is well developed throughout 
the upper part of each cycle in the Namur and Vesdre regions.; It pass~ 
laterally into, are immediately overlain and underlain by wavy and 
lenticular bedded lime mud or are developed by the doming of underlying 
microbial laminites. 
'.' 
Description: 
This microfacies encompasses a variety of sedimentary textures. It 
is a(blue-green)algal rich micrite. Clusters of algal filaments 
(Girvanella .!E.• and rarely of Ortonella .!E_.;) are present (Fig 5.16). 
Elsewhere the presence of unidentifiable micro-organisms is inferred 
from the sediment texture.; The microfacies has abundant small peloids 
and localised patches of 'incipient ooids' (section 4.;3.;2).; Sediment 
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Fig 5.16 Negative print of large thin section; 2 small columnar stromatolites (MF2.4) 
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texture is commonly wackestone but may vary to packstone or grainstone. 
The micritic sediment varies from laminated to inhomogeneous mud• 
Peloids and lenses of bioclasts typically ostracods and gastropods are 
common within the matrix. Peloids are poorly sorted, 150-300ym in 
diameter, commonly ovoid in shape with smooth surfaces. Peloids are 
made of dense brown micrite, of similar texture to the matrix, but 
having clearly defined boundaries. Some peloids show remnant signs of 
bioclastic debris. Peloids may be oriented parallel to algal laminae, 
but not into a particular direction. In some vuggy stromatolites, 
laminae appear to be supported by peloids 'standing' perpendicular to 
the sediment surface. It is likely that prior to lithification they 
were held in place by mucilage around algal filaments• They may have 
been cemented moderately early in which case they tend to be preserved• 
Spherules of radial calcite cement may occur locally in pockets of spar 
cement. These are similar to the incipient ooids described above, but 
lack a visible micritic nucleus• Concentric micritic rings give the 
appearance of very small ooids• These very small ooids are spherules, 
80-lOOpm diameter, of radially oriented fibrous calcite crystals 20-
4~m long• They usually have a radial fibrous structure, but this may 
be overprinted by dark brown, concentric bands of micrite. This 
. ~·. 
microfacies may contain broken off, flat or slightly bent intraclasts 
of laminated or poorly laminated micrite• Clasts tend to be 
rectangular, up to 40pm long and Sfm thick, with slightly rounded 
corners• This microfacies has a similar distribution to MF2.2 and 
MF2a3, commonly filling between stromatolite heads and containing lumps 
of ripped-up stromatolite• It contains a poor variety of fine grained 
bioclastic debris, usually fragments of ostracod valves. Stromatolites 
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may be eroded by thin, <lOmm steeply sided channels which have been 
fi(led by relatively coarse grained oolitic, peloidal or bioclastic 
sediment. This may or may not be similar to the sediment filling 
between stromatolite heads. Mudcracks occur, bioclasts and burrows are 
scarce. Fenestrae, both laminoid and irregular forms are common. Voids 
are larger than the size of fine micrite crystals and small peloids 
which they underlie• Laminoid vugs have flat bases and tops, the shape 
of irregular fenestrae is too varied to define• They range in size up 
to 4mm long by lmm high• Irregular vugs tend to be slightly smaller. In 
domal stromatolites the high percentage of spar to micrite gives the 
micrite a 'stretched' appearance• Lithification of these sediments must 
have been early to preserve textures. 
Interpretation: 
Stromatolites are most commonly found in intertidal areas, 
protected from strongly erosive tidal currents but they may occur in 
shallow subtidal to supratidal, hypersaline to freshwater environments, 
such as lagoons, lakes, marshes or seas. Stromatolites are thought to 
be important indicators of depth, energy of water and proximity to the 
coast (Walter, 1976). The preservation potential of stromatolites is 
lessened by the eroding action of waves and tides, bioturbation and 
·: 
grazing metazoans• The laminated internal fabric indicates episodic but 
regular additions of sediment on to the stromatolites• If extreme 
conditions of hypersalinity or desiccation exist, bioturbation and 
grazing may be limited• The most important factor for the preservation 
of microbial mat fabrics is early and rapid cementation. In Recent 
environments this occurs in hypersaline (Hoffman, 1976; Friedman e t 
al., 1973) and freshwater settings (Monty and Hardie, 1976). In open 
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marine water settings such as around Florida and the Bahamas, there are 
widespread grazing and burrowing invertebrates and a lack of rapid 
cementation (Gebelein, 1976).; Spongiostrome fabric is best preserved in 
lime mud sediment. Internal laminae of peloids and ooids suggest 
periodic waves reaching the stromatolitic mat, probably from an 
adjacent beach or shoal, but with insufficient energy to destroy the 
microbial mat. Broken clasts of microbial mat occur, disrupted and 
irregularly oriented within the sediment, probably due to wave action 
and with sheet cracks produced by desiccation. 
Some stromatolites and oncoids contain abundant calcified 
filaments and consequently show distinctive differences in internal 
structure from normal stromatolites.; These have been termed 'skeletal' 
stromatolites and oncoids (Riding, 1977).; It is assumed that skeletal 
stromatolites preserve as calcified fossils the organisms responsible 
• for their formation. Riding (1977) suggested that ancient skeletal 
stromatolites occurred most commonly in marginal marine settings where 
evaporation or low salinity effects could promote calcification.; 
Vugs occur commonly and are usually associated with intertidal 
sediments (Shinn, 1983a).; Irregular and laminoid shaped vugs may be due 
to gas en~rapment from decaying organic matter or desiccation (Logan et 
·-· 
al.;, 1974; Hardie 1977).; Shinn (1983a) suggested that only early 
cementation would preserve vugs within intertidal sediments. Mudcracks 
indicate periodic subaerial exposure. The fauna of the these sediments 
is limited to rare ostracods and gastropods.; The rarity of fossils and 
burrows indicate restricted conditions inhibiting the fauna• 
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5.;2.5. MF2.;5 Microbial Laminite 
Distribution: 
This microfacies is common in the upper parts of the cycle. It is 
closely associated and interbedded with MF2.4 and locally with MF2.2 
and MF2.3. Stromatolites are common in the upper parts of MF2 
associations as millimetre to decimetre thick layers.; Discontinuous 
beds up to several ems thick of intraclast mudstone and peloidal 
grainstone are rarely intercalated.; 
Description: 
This microfacies is composed of micritic, locally peloidal 
sediment, bound by microbial organisms to form flat bedded to irregular 
laminae which form parts of planar stromatolites. They have uniform, 
locally discontinuous, pale, dense, micritic laminae, 50-30~m thick. 
The laminate character may be defined by layers of lime mud sediment or 
density variations of finely peloidal grainstone or by microscopic 
laminoid fenestral fabric.; The laminae may be partly disrupted and 
fragmented into flat rectangular clasts producing flakestones. This 
indicates early lithification of the sedimient. The surface of planar 
stromatolites may be smooth, crinkled, locally doming to low relief, 
wavy late~ally linked stromatolites. Lamina surfaces may be broken by 
lenticular shaped calcite crystals which are interpreted as being 
gypsum pseudomorphs (Fig 4.;10). The algal filaments present are in 
various states of preservation, usually too poor to allow 
identification.; Laminae tend to be approximately parallel and equally 
spaced within any one stromatolite growth form. Planar to gently 
doming laminae may be coated by structureless micrite up to 0.;5mm in 
thickness or layers of coarse (350x8~m) peloids.; The density and grain 
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size of peloids may decrease away from microbial laminae, with a 
corresponding increase in the proportion of spar cement. This textural 
change is reflected by a change to a paler, buff coloured sediment. 
This gives a stripey appearance from dark brown-black to buff over 10 -
30 mm. Fenestrae in microbial laminites are laminar, rectangular in 
cross-section and occurring along planes (Fig 5.17). In other 
stromatolite growth forms they tend to be irregular. These vugs 
commonly contain geopetal sediment of fine grained micritic peloids• 
Mudcracks are rare; calcite pseudomorphs after gypsum tend to grow 
upwards through laminae. Rare pseudomorphs after anhydrite also occur 
(Fig 5•20b)• Fauna is limited to small gastropods and rare layers of 
fine grained bioclastic debris (brachiopod valves, ostracods, crinoid 
ossicles, forams and calcispheres). 
Interpretation: 
Most of the environmental interpretation concerning MF2.4 also 
apply to MF2.5. 
'Cryptalgal' laminae were considered by Aitken (1967) to have 
formed by the trapping and binding of fine grained sediment by blue-
green algal mats• The uniform nature of individual laminae, their 
buckling~ doming and fenestral pores within microbial mats are 
considered to have formed on supratidal and upper intertidal flats 
(Hardie, 1977; Bahamas)• The graded nature of some laminations and 
their marine composition suggest deposition of allochthonous material 
by storm processes. This is also suggested by their lateral continuity, 
mudcracks and mudflakes• The paucity of bioclasts and the relative 
scarcity of coarse grained sediment may record deposition away from 
subtidal areas• Local, discontinuous grainstone beds may be storm 
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Fig 5.17a 
Microbial laminites (MF2.5) 
exhibiting various types of fenestrae 
(top -1 cycle) 
Negative prints of thin sections 
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Fig 5.1 7b laminar fenestrae 
( -1 cycle ) 
\mm 
3""" 
Fig s.l7c irregular fenestrae (-3 cycle) w~~ blocky, equant spar calcite 
cement 
Fig 5•17d tubular fenestrae (-1 cycle) 
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deposits• 
The sediment records a quiet, flat area with few waves and 
frequent desiccation. Pseudomorphs of gypsum crystals are only rarely 
preserved. Gypsum and anhydrite are seen forming today in intense 
evaporative conditions in a high intertidal to supratidal environment 
(Kinsman, 1969).; Anhydrite requires a very arid climate. Sporadic 
marine flooding may occur. Gypsum may form from evaporated sea water as 
a depositional or diagenetic event. 
5.3 Microfacies Association 3 
Introduction: 
This microfacies association corresponds to lithofacies LF8 and 
much of LF9.; The microfacies are composed predominantly of micrite. 
Algae and microbial organisms in the role of sediment binders, are 
inferred to have been absen,t.; They and their associated sedimentary 
structures are not preserved.; Bioclasts are rare, with the exception of 
gastropods which occur sporadically throughout and in MF3.;4 (bioclastic 
wackestone) where a variety of fine to medium grained, usually 
unidentifiable skeletal debris occurs.; These are the distinguishing 
factors between MF2 and MF3.; These microfacies form thin (50-lOOmm) 
laterally continuous beds across outcrops. Correlation of beds of MF3 
sediments is virtually impossible with no distinctive fossil 
occurrences or sedimentary structures as evidence of marker horizons. 
Micrite occurs in coarse peloidal or homogeneous form with varying 
degrees of sorting, compaction, lamina development and bioturbation• 
At a higher magnification, dense micrite is seen to have a vague 
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peloidal (lOpm diameter) or clotted fabric or be very finely 
crystalline (2-3Jlm). This microfacies association tends to develop at 
the top of each cycle, locally interbedded with sediments of MF2 
association. Intraformational conglomerates commonly occur just below 
cycle boundaries and are composed of clasts of micrite from this 
microfacies association. MF3 sediments are abundant and alternate 
rapidly between component microfacies in the upper part of each cycle. 
They may also occur interlaminated with MF2 sediments.; At the top of 
cycles, MF3 sediments occur as thinly bedded units with flat or 
slightly wavy boundaries. These are separated by numerous thin, 2-Smm 
calcareous shale horizons. Some shale beds appear to be solution or 
stylolite boundaries, similar to those in MFl, but smaller in relief 
and more abundant. 
5.;3.;1 MF3.;l Peloid Grainstone 
---
Distribution: 
Microfacies MF3.1 is found interlaminated with MF2 and MF3 
sediments.; It occurs in beds <SOmm thick with poor lateral continuity. 
They may occur as lenses within other MF3 sediments.; 
Description: 
This microfacies consists of beds of thinly laminated or cross 
laminated, coarse grained peloids, up to 35~m X soy~ in size. Peloids 
are well sorted but may occur in unimodal or bimodal distributions.; 
They are composed of dense micrite with no internal structure and occur 
in varying states of compaction and preservation within a clear spar 
cement.; They are usually well rounded and approximately ovoid in 
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shape. The variable states of compaction are interpreted as recording 
variable degrees of cementation. It is assumed that some lenses of 
peloids were lithified soon after deposition to preserve their 
structure.; There is no direct evidence for the source of so many 
peloids. Bioclasts are rare, usually only very fine shell debris is 
seen.; Peloids may have thin dark brown line around their edges, 
probably due to a concentration of organic matter or of iron during 
diagenesis (Fig 5.;18).; Peloids settle into horizontal layers with 
varying degrees of packing.; This creates a laminated effect of darker 
and lighter bands; the lighter layers are less densely packed and have 
a greater proportion of clear spar cement filling spaces between 
peloids.; This is the only occurrence of grainstone texture in MF3.; 
Burrows are present, but are more common in homogeneous patches of 
micrite. The burrow fills themselves contain less densely packed and 
well preserved peloids. Associated with these peloids are similarly 
sized peloidal or irregularly shaped micritic lumps which have a vuggy 
border (Fig 5.;19). The holes causing the vuggy appearance are small 
tubes (12ym diameter) of variable direction, penetrating the outermost 
part of these peloids. Less commonly this texture pervades a whole 
grain. A .similar effect is rarely seen around the edges of intraclasts 
··' 
and grapestones.; Layers of peloidal grainstone are commonly 
interlaminated with dense micrite of MF3.;2 and MF3.;3.; Cross lamination 
within peloidal sediments occurs in some horizons; and there are wave 
ripples (15mm amplitude, 30mm wavelength). Small, down-cutting lenses 
0.05m deep, O.;l-0.;2m across, of coarse grained peloidal sediment, 
locally associated with intraclasts may occur with the finely cross 
laminated micrite. Due to limited surface exposure, no indication of 
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0 .2.5 ...... 
Fig 5.18 Brown edged pe l oids (MF3.1) 
0 .25.., ... 
Fig 5.19 Vuggy edged peloids, bored by endolithic micro-organisms? 
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palaeocurrent direction could be taken. 
Peloids may be coated with a single or multiple rim of yellow, 
radial fibrous calcite cement.e Coated peloids may rarely occur 
individually within the sediment. They may be cemented together by 20fm 
thick fibrous calcite cement over O.el-O.e2m to form a 3-lOmm thick 
crust.e Where common they are included in MF2.e2• 
Interpretation: 
Different types of peloid occur. The large peloids are interpreted 
as faecal pellets because of their shape, similar size and texture, 
their association with burrows and burrow fills. They fit well with the 
description of faecal pellets provided by Flugel (1982). Flugel (ibid) 
defined faecal pellets as spherical to ovoid or rod shaped in outline 
with a length to width ratio of approximately 2:l.e He noted that they 
are commonly well rounded, with a thin dark outer rim, possibly of 
. organic matter, fine grained, gregarious, well sorted, locally 
concentrated into small burrows. They may occur with large amounts of 
organic matter, phosphorite or pyrite• They may also have an internal 
structure• Bioturbation implies the presence of an unpreserved infauna, 
probably of soft-bodied organisms within this originally soft sediment• 
The finer grained peloids with variable shapes and sizes have a 
. : 
less definite origin. They may develop through inorganic acccretion or 
through the breakdown and micritisation of skeletal particles by 
processes associated with endolithic algae (Purdy, 1963). Cross 
laminated peloidal grainstone& are typically preserved from levee and 
locally beach ridge sediments (Hardie, 1977).; It is therefore assumed 
that small tidal channels existed on the tidal flats. 
Peloids are a dominant constituent of Recent subtidal and shallow 
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intertidal coastal areas, where they occur preferentially in low energy 
zoneso Although they initially have a soft consistency, if early 
cementation occurs, faecal pellets can be transported into high energy 
environments without destructiono Rapid cementation is likely in low 
energy shallow water areas supersaturated with calcium carbonateo 
Vuggy edged peloids may the result of the boring action of 
endolithic algae or encrusting algae. Bathurst (1975) showed a similar 
texture developed around the edge of grapestones which he attributed to 
algal boreso In the Bahamas, boring algal are numerous and ubiquitouso 
This feature affects a variety of grains: peloids, pellets. aggregates 
and intraclasts. 
Grainstone texture indicates that peloids were hardened to permit 
the preservation of their shape• Peloid grainstone formation is 
probably not related to a particular water energy required to sort the 
peloids• MF3ol may represent accumulation in an area of only very 
slight water movement in an environment which allowed early 
lithification of the peloids• This microfacies grades irregularly into 
peloidal wackestone and mudstone of MF3o2 and MF3o3o It is probably 
representative of tidal flats, in particular, beach ridges and levees 
which according to Hardie (1977) contain impersistent graded peloidal 
.. ' 
laminae• 
5a3o2 MF3o2 and MF3o3 Inhomogeneous and Homogeneous Peloidal Mudstones 
Distribution: 
MF3o2 and 3o3 occur in abundance in the upper part of each cycle• 
These microfacies may be equivalents of MF3.1, in which peloid form has 
not been preserved, but disseminated into homogeneous micrite• They are 
179 
closely interlaminated and may have gradational or sharp boundaries. 
Description: 
Microfacies MF3.;2 and MF3.;3 are composed of brown micrite 
possessing a variety of textures.; The microfacies comprise dark brown 
micrite, with a dense, homogeneous even texture.; Micrite may preserve 
faint relic ovoid peloid outlines (10-300ym in diameter), with spar or 
microspar areas between giving a slightly clotted appearance. At high 
magnifications, micrite resolves to finely crystalline calcite Oym 
sized crystals).; Bioclasts are rare, only gastropods, scattered 
fragments of ostracods and brachiopod valves are present (Fig5.20a). 
These two microfacies contain rare burrow (vertical and horizontal) and 
rootlet horizons. In thin section, burrows are noted 
by the density variation within micrite.; The burrows themselves are 
round in cross-section (<2mm in diameter) and tend to be highly 
irregular in direction. They have clearly defined walls, rarely with 
sediment layered concentrically around the edge, and are usually filled 
with well preserved pellets (150-30Dym)o Rool:.Le.t ··texture occurs only 
rarely and comprises thin spar filled tubes 15-20fm wide. These run in · 
an irregular, vertical to diagonal manner, branching through the 
sediment.;:- Bedding planes are locally discernable, marked by a change in 
microfacies texture. The boundary between homogeneous and inhomogeneous 
micrite is irregular. Much of the inhomogeneity within the sediment is 
caused by bioturbation; burrows may produce tubes of peloidal sediment 
which are less dense than the surrounding muddy sediment. Pockets of 
coarse grained peloid grainstone (MF3.;l) occur within dense micrite of 
MF3 and MF2. Inhomogeneity is also caused by vague lamination, grain 
size variations and the degree of spar cement around grains. Locally 
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0.25.,. ... 
Fig 5.20~ Homogeneous micrite (MF3.3), with gastropod 
Fig 5.20b Calcite pseudomorphs after anhydrite, in MF3.3 
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faint brown lines, possibly of organic matter are streaked out through 
the sediment, producing laminae. In one instance, fine angular quartz 
silt grains occur in a l-2mm laminated mudstone. Micrite is not 
entirely calcite; insoluble clay mineral residues are concentrated 
along stylolites which are common in these microfacies. Fine dolomite 
rhombs occur in these microfacies in some cycles and are distributed 
evenly through these micritic sediments (dolomitisation is discussed 
further in section 7•4)• In this microfacies unbroken gastropods and 
ostracods occur within homogeneous micrite, in beds up to SOmm thick 
and continuous over 2-Sm. There is no evidence of algal colonisation, 
and pellets are usually absent• The variation within this microfacies 
reflects a variation in early cementation and biological activity. Rare 
occurrences of calcite pseudomorphs after anhydrite and gypsum occur 
(Fig 5o20b)• 
Interpretation: 
These MF3.2 and MF3.3 microfacies together probably represent a 
restricted subaqueous environment, with water varying from hypersaline 
to marine or even fresh• MF3.2 and MF3.3 are interpreted as marginal 
marine, either pond or quiet lagoonal deposits which have been 
bioturbated• If they represent lagoonal deposits, there are no signs of 
marine faunal incursions• Bioturbation suggests that a limited biota, 
mostly of soft bodied organisms was capable of surviving within this 
environment. The absence of algal mats may be due to destruction by 
gastropods and other grazing and browsing organisms. Peloids were 
poorly if at all hardened leaving only faint outlines remaining• The 
term homogeneous has been used to indicate a totally structureless, 
unlaminated and unfossiliferous sediment. Alveolar texture may record 
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calcified root tubes on a tidal flat or algal marsh sediment. Nowhere 
is an abundance of roots preserved as described in Shinn et al. (1969). 
5.3.3 MF3.4 Bioclast Mudstone - Wackestone 
Distribution: 
MF3.4 is a thinly bedded unit <50mm thick, interbedded with MF3•2 
and MF3.3 but is less common• 
Description: 
In this microfacies, commonly unidentifiable fine grained shell 
debris occurs within inhomogeneous micrite, similar to that described 
in MF3•2• Identifiable bioclasts are restricted to ostracods, which 
are the main components of local debris beds and gastropods• They may 
be evenly distributed through the sediment or be localised in lenses or 
beds of debris• This microfacies is commonly highly bioturbated and 
inhomogeneous• 
Interpretation: 
The similarity of micrite in this microfacies with that of MF3.2 
and MF3e3 suggests that it too may represent pond or lagoonal 
environments. The presence of bioclasts is thought to indicate nearness 
,_, 
to subtidal areas. The bioclast rich sediments probably record storm 
transported sediment on to tidal flats, and may indicate the presence 
of tidal channels in the vicinity• It is. presumed that the weakest 
currents of storm tides would have been needed to carry very fine 
grained debris across the area without disrupting the sediment. 
Bioturbation following deposition has been sufficient to completely 
homogenise the sediment• Rarely grapestones and intraclasts occur• 
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Presumably waves did not have sufficient streng~h to disrupt the 
partially lithified sediment or destroy aggregates.; These sediments 
probably also represent pond deposition.; It is assumed that in this 
case, ponds were within the intertidal region.; 
5.;3.4 MF 3.;5 Intraclast Mudstone 
Distribution: 
This microfacies occurs interbedded with the MF3 microfacies 
association.; It may form at the top of cycles or less commonly 
throughout the upper part. This microfacies is developed locally within 
MF2 and MF3 sediments, but it is most common at the top of cycles.; It 
corresponds to LF9.; 
Description: 
Flakestone beds are up to 0.;2m thick.; Clasts are usually derived 
from a facies similar to MF3.;3, that is fine brown homogeneous micrite 
(Fig 5.;21).; For this reason they are classified as MF3.;5.; MF2.;4, 2.;5 
and most MF3 microfacies associations may occur as flakestones.; Clasts 
may have a slightly different texture, either more or less densely 
packed than the matrix between them.; Variation in texture between 
clasts and matrix is attributed to early partial lithification of 
clasts. Clasts may be composed of peloidal micrite and may rarely show 
signs of algal binding or fine bioclastic debris.; Clasts of algal 
laminae, with fenestrae, are quite common in flakestones formed from 
MF2.;4 and MF2.;5.; Flakestones formed from algal laminae tend to be 
developed locally and remain approximately in situe Flakestones of 
other microfacies may show signs of transportation.; There may be a 
difference in grain size between matrix and clast.; This is more 
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Fig 5.21 Intraformational conglomerates (MF3.5): 
Negative prints of thin sections 
well rounded clasts in a 
peloidal grainstone; 
fenestral texture preserved in clasts; 
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noticeable at the top of cycles, where the matrix becomes increasingly 
dominated by MFl faunal assemblage shell debris,; Clasts vary in size 
and may be up to 0.;2m in length whilst only a few em's across.; They 
are flat or slightly curved and rectangular in cross section.; Clasts 
tend to be flat, although rarely they may be bent or slightly 
imbricated.; The proportion of matrix supporting clasts varies between 
flakestones.; The matrix is similar to mudflake sediment and is commonly 
peloid.al grainstone (MF3.;1) or micrite of MF3.;2, MF3,;3 and_ rarely 
MF3.4. Where matrix is sparse clasts are aligned, either imbricated or 
rarely cross laminated.; In microbial laminites, the matrix is a locally 
vuggy, homogeneous micrite. They are a different colour (commonly 
paler) than the matrix,; In some instances, polygonal cracks have been 
identified at the same level in the field as these flakestones. 
Interpretation: 
This microfacies includes sediments representing a variety of 
environments. Lithoclasts may be formed by desiccation i,;e,; sheet 
cracks, mud cracks or by erosion, channels and waves,; They may 
possibly be derived as· sediment is disrupted by burrowing.; The 
alignment of clasts and presence of cross bedding may record channel 
lag depos·its.; Clasts formed by desiccation probably remain close to 
their site of formation.; Stromatolites which have dried out can be seen 
cracked but only slightly out of place. Irregularly deposited and 
oriented clasts are probably the result of erosion by water and 
subsequent redeposition. The absence of rounded corners to clasts 
suggests little abrasion during transportation from the site of 
formation. All these sediments must have been partially lithified to 
have survived transportation. 
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5.;4 Summary of Microfacies Interpretation 
Fig 5.;22 shows typical cycle in both the northern (Namur-Vesdre) 
and southern (Dinant) regions with the main sedimentary features and a 
broad environmental interpretation based on field and petrographic data 
compared with modern and ancient analogueso Microfacies interpretations 
are summarised in Tables 5o2,13. A simple model of the depositional 
environments is presented in Fig 5.;23o 
The cycles comprising combinations of lithofacies LFl - LF9 are 
interpreted as typical shallowing upwards peritidal cycles; a 
combination of muddy, stromatolite and rare grainy sequences (James, 
1979)o Most cycles begin with a poorly recorded erosive, transgressive 
horizon, representing a lag phase of lo~ sediment supply and open 
marine platform sedimentation follo~ed by gradual restriction and 
probable tidal flat progradation.; I~ the absence of clear subaerial 
exposure horizons, the cycle boundary has been taken at prominent 
lithofacies variations.; Relative sea level variations are described 
here and possible causal mechanisms for cyclic deposition are discussed 
in section 6ollo 
The base of the cycle is locally erosive and represents and 
'-' 
incursion of the sea on to the tidal flats.; The lack of transgressive 
sediments at the base of each cycle is probably due to the rate of 
erosion in the transgressive zone exceeding the rate of sedimentary 
supply rather than the rate of transgression.; Earliest sedimentation in 
the cycle may be a thin layer of reworked limestone and fossil debris 
representing high energy sedimentation, possibly a surf zone which 
caused local downcutting into partially lithified sediments below.; Over 
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TABLE 5o3 
INTERPRETATION OF MICROFACIES SUMMARY 
MICROFACIES ASSOCIATION l 
MF 1.1 
1.2 
1.3 
shallow water, normal marine, good circulation, storm deposits, 
locallY quiet, locally agitated 
shallow water platform lagoon, slightly restricted, local 
shoals, local winnowing 
normal marine, warm quiet, clear shallow water restricted 
circulation, brackish-hypersaline, low energy, below wave 
base, some winnowing 
1.4 slightly deeper water platform, normal marine conditions 
1.5 soft substrate, low energy, normal marine conditions, warm, 
shallow water 
1.6 hard substrate, low energy, normal marine conditions, warm, 
shallow water 
1.7 normal marine salinity, low energy, shells abraded on high 
energy shoals, deposited in adjacent low energy areas 
MICROFACIES ASSOCIATION 2 
MF 2.1 
2.2 
2.3 
2.4 
2.5 
subtidal-lower intertidal, slightly hypersaline, moderate-low 
energy, adjacent to channel or shoal 
high energy, shoal-beach, adjacent to low energy, subtidal area 
shallow, agitated water, close to shoals, beaches or tidal 
channels, subtidal 
intertidal, possibly shallow subtidal to supratidal, hypersaline-
fresh water 
quiet, flat, upper intertidal-supratidal 
MICROFACIES ASSOCIATION 3 
MF 3.1 subtidal-shallow intertidal, low energy, 
normal marine salinity-slightly 
restricted 
3.2 restricted marlne, low energy, probably subaq~~0us, 
3.3 pond/lagoon 
3.4 pond-intertidal 
3.5 subaerial-subaqueous, small tidal channels, 
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LITHOFACIES/MICROFACIES LITHOLOGICAL CHARACTERISTICS VERTICAL/LATERAL GRADATION ENVIRONMENT 
LF1 [MF1.1;1.3) thick-medium, tabular bedded, vertically to LF2/LF3 subtidal 
coarse grained, dark grey 
Bioclastic Grainstone-
Packstone 
LF2 [MF1 .2;1 .4) thin-medium, variable bedding, 
medium-fine grained 
vertically to LF6/LF3/LF4 subtidal 
Bioclastic Wackestone-
Mudstone 
LF3 [MF1.5;1.6) massive, grey, tabular, dome laterally/vertically to LF2 subtidal 
or irregular in shape 
Coral/Bryozoan Boundstone 
I 
LF4 [MF1. 7) thin bedded, fine lamination vertical ly/loteral ly to subtidal 
Block mudstone coarse grained, bioclastic LF1/2 
debris I 
LF5 variable thickness bedding, vertically to any 
- I 
fine grained, lithofacies 
I Block Mudstone non-fossi I iferous I 
! 
LF6 (MF2.1 ;2.4;2.5) stromatolites, laminated mud- laterally to LF7 sub-, inter-, 
stone, local coarse grained vertically to LF7/8/9 supratidal 
I 
Stromatolite sediment, irregular bedding 
LF7 [MF2.2;2.3) coarse groins, fine grained laterally to LF6 intertidal I I 
bioclasts, irregular beds, vertically to LF7/8/9 
Coated Grainstone some cross bedding 
LF8 [MF3.1;3.2;3.3;3.4) fine grained, thin, undulose vertically to LF6/9 intertidal 
beds, shaley interbeds, local (supratidal) 
Peloidal Wackestone cross lamination 
LF9 [MF3.5) fIat, rectangular clasts, vertically to LF6/8/9 upper intertidal- I 
micritic or coarse bioclastic supratidal 
Intraformational matrix 
Conglomerate . 
L___ ___ 
~ --- ~~----
-
TABLE 5o4 
a low relief tidal flat area transgressions may have been rapid. The 
sediments described fit well with the criteria defined for shallow 
water carbonate shelf facies (Wilson and Jordan, 1983)• They contain a 
stenohaline fauna, have a muddy sediment texture, local patch reefs and 
shoals and they are bioturbated• Well developed sand shoals are rare at 
outcrop and abundant bioturbation is probably responsible for the 
removal of sedimentary structures• In the lower part of each cycle, the 
sediments record a shallow marine carbonate platform or ramp with good 
water circulation• They contain coarse grained, disarticulated, 
diverse, marine bioclasts with rarely developed patch reefs. The 
deposits were probably developed below wave base. 
Higher up in each cycle, variations in the preserved fauna are 
interpreted as a gradual restriction in the water supply, possibly due 
to the development of a barrier to seaward. Sediments resemble those of 
. a lagoon, but there are no obvious signs of a barrier. The presence of 
barriers would have affected both wave action and sea level• The 
platform may have been of sufficient size to have inhibited wave 
action; however, oolites and coated grainstones are interpreted as high 
energy sediments which occur close to the shoreline. In the Bahamas, 
interbedded, coarse, coated grainstones and skeletal wackestones 
': 
represent relative highs and lows on the platform and may record the 
lateral migration of shoals across the platform.; Variations in grain 
size of Carboniferous sediments may record a change in the topography 
i.;e• highs and lows, of the platform. In each cycle, above open 
platform deposits, sediments indicate a gradual shallowing of the 
depositional platform, possibly due to tidal flat progradation. Shallow 
subtidal sediments in the form of bioturbated lime wackestone-
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packstone& with oncoids and stromatolites developed.; Tidal flat 
progradation may have been caused because the rate of sediment supp,ly 
was greater than the wave induced erosion or sea level rise.; Tidal flat 
progradation lead to the development of intertidal facies over the 
area.; Poorly ordered facies transitions typify these intertidal 
sediments.; Any slight variations in sea level caused by a variety of 
oceanographic, barometric and meteoric changes are recorded by these 
very shallow peritidal environments.; Likewise slight changes in relief 
would have led to variation in the type of sedimentation.; Bioturbation 
is thought to be responsible for homogenising the sediment. Local areas 
of high energy, causing the formation of coated grains and ooids, are 
interpreted as representing beaches, washover ridges or possibly local 
shoal areas. Small tidal channels have been inferred from erosional 
bases and levee/washover crest deposits.; There are no remains of large 
tidal channels.; Tidal channel migration may have destroyed some 
features, to leave fining upwards sequences which were subsequently 
homogenised.; Thin beds of graded peloids bear a remarkable resemblance 
to modern levee sediments of the Bahamas (Hardie, 1977).; 
Algal marshes were abundant across the whole intertidal region 
probabl~ into the supratidal realm.; It has been difficult to 
distinguish pond and marsh sediments, which are thought to have been 
highly bioturbated micrite, from offshore, subtidal micrite.; 
Many of the documented supratidal areas are characterised by 
oUwrMA 
desiccation and evaporite formation during~periods of subaerial 
exposure (Purser, 1973, Arabian Gulf; Logan et al.;, 1974, Shark Bay).; 
The absence of abundant signs of desiccation is thought to imply a lack 
of subaerial exposure in an arid climate and possibly rainfall on the 
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supratidal region instead.; Plentiful algal marshes are typical of non-
arid supratidal areas (James, 1979). Algal marsh sediments did need not 
develop widespread meteoric cements.; In general these ancient tidal 
flat sediments are similar in texture to those described in the 
Bahamas. It is proposed that the Ardennes region was under the 
influence of a humid climate.; Tidal channels cut through the intertidal 
areas creating ponded areas, levees and beach ridges and causing local 
relief.; 
Stromatolites decrease in abundance towards the top of cycles, 
being replaced vertically by bioturbated, homogeneous lime mud.; The 
bioclasts contained within the mud may be the fine grained bioclasts of 
a moderately diverse fauna, suggesting the return to more favourable 
conditions and the return of grazers and burrowers or be limited to 
gastropods, possibly indicating a continued restriction.; 
A reduced rate of carbonate production in the lagoon with 
subsidence would have lead to a relative rise of sea level.; Intertidal 
flats were inundated with water, many algal marshes may have become 
subtidal ponds. In some areas, micritic sediment, at the top of the 
cycle could represent deposition in a subtidal pond or lagoon i.;e.; in 
deeper water than the middle part of the cycle.; Those parts which 
remained subaerially exposed may be those which developed flakestones 
through desiccation. Subsequent inundation with marine water provided 
the bioclastic matrix for intraclast conglomerates• 
Identification of the initial transgression is difficult in 
the absence of palaeokarst and calcrete development which would 
indicate maximum regression.; It is thought that most of the cycle 
records a relative regression of the seao Cycles vary; in some, maximum 
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subaerial exposure of the region probably occurred about two thirds of 
the way through a cycle. Fenestrae are most common a slight distance 
below the upper cycle boundary.; In other cycles, evidence of subaerial 
exposure such as fenestrae, evaporite minerals and mudcracks occur at 
the top. 
A variety of factors are known to affect tidal flat sedimentation.; 
In the Carboniferous, the Livian tidal flats were exposed to some wave 
action, allowing local 'grainy' beaches to develop, whereas elsewhere, 
muddy tidal flats formed. A local protection from severe wind and wave 
erosion has been inferred.; This would permit a high rate of sediment 
supply, preservation and coastal progradation. A wide tidal range is 
considered to have affected the area.; Tidal amplitude need not have 
been very great to affect a large area of low relief.; It would have 
varied with waves, wind and rain.; Storms are presumed to have occurred; 
in Recent tidal flats these are the main transporter of sediment on to 
the tidal flat. Waves are an important erosive force removing sediments 
from tidal flats. 
The Carboniferous sediments in the Livian Formation of southern 
Belgium bear a remarkable resemblance to the active and passive tidal 
flats of Andros Island (Hardie, 1977) and those described in chapter 2.; 
. -~ 
The thickness and lateral extent of these tidal flat deposits suggest 
that they had an extremely gentle gradient, causing them to rise slowly 
above mean high tide level into the supratidal regions. Slight 
topographic highs may have existed on the platform forming islands with 
their own associated inter- and supratidal areas.; Tidal ranges need 
only have been very slight to produce quite substantial variations over 
such a broad flat area. 
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Variations in Deposition 
6.1.;1 Introduction 
The Livian Formation (V2b) is divided into 5 units: 0( 1 ~·· ~· & and 
E (Fig 6.1). The base is marked lithostratigraphically by the "Bane 
d'Or de Bachant" (Paproth et alo, 1983). The Bane d'Or occurs at most 
localities in which the V2a-V2b boundary is exposed, except towards the 
eastern end of the Namur.region. Biostratigraphically the V2a-V2b 
boundary is marked by the sudden increase in abundance of 
Quasiendothyra nibelis and Koskinotextularia (Paproth et al., 1983). 
6.1.2. Bane d'Or: V2a-V2b Boundary 
The 'Bane d'Or' is an ochre coloured mudrock horizon; as in the 
LFS bentonites, the colour is thought to be derived from limonite 
produced by the weathering of authigenic pyrite (Fig 6.2). The Bane 
d'Or may occur as one horizon 0.8-lm thick, or as three layers each 
Oo2m thick, separated by interbedded limestones, O.l-0.2m thick. 
The mudrock beds contain abundant angular to sub-rounded clasts 
generally 0.2x0.3m in size, which are of similar composition to the 
underlying limestone• The underlying and interbedded limestones are 
grey, fine to medium grained packstone-mudstones. The mudrock itself 
contains a high proportion of clay minerals• X.R.D. analysis has shown 
approximately 50% by weight illite-montmorillonite mixed layered clays 
with kaolinite and minor chlorite• 
The sequence of sediments 1-2m below the Bane d'Or is typically: 
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Fig 6.2b) 
198 
Fig 6.2e Bane d'Or in Carri~rre du Haut Bane, Boulonnais 
(notebook 0.2x0.13m) 
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4 top -ochre, clay-rich mudrock 
3 -mudstone with rounded micritic clasts, circumgranular 
crystallaria, fenestral texture, 
2 
-peloidal micrite, microbial boundstone clasts, rare bioclasts 
1 base -bioclastic packstone 
The bioclastic packstone contains ooids and a diverse biota which 
is particularly rich in echinoderm fragments and foraminifera~ It is 
overlain by progressively finer grained ostracod shells and skeletal 
debris with abundant peloids and microbial oncoids. 
The limestone beds within the Bane d'Or, are similar to those 
below it~ The limestone immediately underlying the Bane d'Or horizon is 
a dark-brown to grey, dense homogeneous to peloidal micrite, containing 
rare fine grained bioclasts or signs of microbial binding. At its top, 
laminoid fenestral texture is common. R.ool::let texture and rounded 
"nodules" occur rarely within the sediment around Namur~ These are <lmm 
across, angular to subrounded and of darker, slightly denser micrite, 
possibly glaebules~ These nodules may have dark brown rims and may 
exhibit internal calcite veining. They are surrounded by spar-filled 
cracks i.e. circumgranular cracks Fig 6.3~ Both of these features are 
associated with shrinkage of the sediment and may represent subaerial 
exposure (Wright, 1982)~ The upper surface of the limestone underlying 
the Bane d'Or is smooth and flat to gently undulating• There are no 
exposed signs of erosion pits, hollows or palaeokarst features. The 
glaebules and crystallaria may represent an incipient calcrete (Wright, 
1982). Rarely ostracod debris is present within the homogeneous lime 
mud• Beds of larger limestone pebbles <O.l5m may occur instead of the 
normal limestone within the Bane d'Or. These pebbles are all composed 
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o.ls ...... 
Fig 6.3 Circumgranular cracks and fenestrae as sociated with the Bane d'Or 
of lime mud of similar compostion and texture to the bedded limestones. 
They may exhibit fenestral and alveolar texture, 'nodules', planar and 
circumgranular crystallaria. Fenestrae are both laminoid and tubular. 
Tubular fenestrae tend to occur in limestone beds and pebbles towards 
the top of the Bane d'Or package whereas laminoid fenestrae are found 
in the lower and middle sections. Similar distributions in vertical 
profile have been observed in recent deposits e.g.; Bahamas, Arabian 
Gulf and Western Australia (Logan et al., 1974; Shinn, 1983a) and 
ancient sediments (Somerville and Gray, 1984).; This horizon occurs in 
the Boulonnais inlier (Carriere du Haut-Banc, Fig 6.;2c), where its 
calcrete fabric is more clearly developed.; 
The features described above are thought to indicat~ calcrete 
formation in southern Belgium.; The conditions for calcrete formation 
were presumably longer lasting in the Boulonnais areas of northeastern 
France, and left a more distinct record which compares well with the 
development of calcretes in the Dinantian of South Wales (Wright, 
1982). 
The sequence of sediments below the Bane d'Or is interpreted in a 
similar manner to those of the Livian.; They are thought to represent a 
gradual shallowing from shallow platform sediments possibly through 
lagoonal conditions to intertidal deposits. 
The ochre coloured clay-rich layer within the Bane d'Or may be of 
volcanic origin i.e. a bentonite (section 3.2.5). It is thought that 
this bentonitic horizon was deposited on the southern margin of the 
London-Brabant Massif and adjacent peritidal areas. 
The clay-rich layer is closely associated with interbedded or 
underlying subaerial features, possibly calcrete formation. There are 
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no identifiable features to distinguish the three constituent clay-rich 
beds. It is possible that they exist every~here but that the 
interbedded limestones have been differentially affected by calcrete 
formation. An explanation for the three horizons ~ith interbedded 
limestone can only be tentative. The clay rich beds and limestones have 
a similar appearance at all localities• It is inferred that there ~ere 
3 separate phases of volcanic ash fall ~hich interrupted limestone 
deposition. Any ash ~hich fell on subaerially exposed surfaces may have 
acted temporarily as a soil horizon. It is also presumed that there 
were variable rates of limestone sedimentation, subaerial exposure and 
erosion across the area at this time. 
6.2 Livian Formation - V2boc 
6.2.1 Dinant Region: 
The "Bane d'Or" occurs in the Dinant syncline in both the northern 
and southern areas of exposure, although the development of fenestrae, 
glaebules and crystallaria ~ithin associated limestone beds is 
restricted to the north of the Dinant region ~here they are poorly 
formed. 
In the south, around Dinant, the Bane d'Or is succeeded by a 
fairly thin V2ba sedimentary sequence, e.g. 5-lOm thick in the Leffe 
valley• In the northern Dinant region, the V2boc sequence is 15-20m 
thick• The sedimentary sequence in the south is not cyclic and thus 
differs from the other Livian Formation outcrops in southern Belgium• 
Beds of dark, coarse grained bioclastic limestone and thin beds of 
finer grained bioclastic limestone ~ith some cross lamination and thin, 
cross bedded oolite horizons-are most common• The range of microfacies 
is less varied than in the Namur region; in particular MF1.4 and MF2o3 
203 
are abundant. These are interpreted as shallow water shelf deposits. 
Peritidal facies have not been observed in the southern Dinant area. 
To the north of Dinant, the V2boc sequence thickens and has a 
gradually increasing proportion of interbedded peritidal sediments 
upwards through the V2b~. 
Namur Region: 
The 'Bane d'Or' outcrops in the western part of the Namur region. 
It is overlain by 35-40m (St.Servais) of V2b~ sediments. The lower half 
of the V2boc is composed of coarse to medium grained bioclastic 
grainstones to wackestones which are interpreted as shallow water to 
peritidal facies with local intercalations of deeper water facies. In 
the field there are no obvious cycles in the lower V2b~ but geologists 
from Louvain-la-Neuve University have recognised 14 cycles within these 
· V2bct sediments (unpublished report).;. Rarely, sequences 1-4m thick of 
bioclastic packstones-wackestones occur succeeded by peloidal-rich 
mudstones. These are local shallowing upwards occurrences and cannot be 
fitted into a continuous, numbered scheme of cycles. This study has 
shown that 4 and locally 5 consecutive cycles are identifiable at the 
top of t~~ V2b~ in the Namur region.; 
In the eastern part of the Namur region, the 'Bane d'Or' is 
absent. The V2a comprises thick cross-bedded oolites.; These oolite beds 
grade vertically into stromatolite, coated grain and bioclastic facies 
of V2b~. Marker foraminifera are rare in these facies but it is 
inferred (by this author) that the V2a-V2b~ lithostratigraphical 
boundary occurs at the top of the oolite beds. The V2boc sediments 
become more obviously cyclic with well developed intertidal units. 
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Between 3 to 5 cycles, 2-8m thick can be distinguished at the top of 
the V2b0(.. 
6.2.3 Vesdre Region: 
The 1Banc d 10r 1 is present at the boundary of the.V2a and V2b~ 
sediments in the Vesdre region. It overlies a bioclastic wackestone-
mudstone in which there are no signs of subaerial exposure. The Bane 
d 10r is overlain by 30-40m of V2b0(. sediments. Initially these V2b~ 
sediments comprise coarse to medium grained bioclastic grainstones to 
packstones which are interpreted as shallow water carbonate platform 
sediments. Gradually these become interbedded with peritidal carbonate 
deposits, containing abundant, thin coated grain beds with interbedded 
stromatolites. The lower beds are not cyclically arranged but towards 
the top of the V2boc three cycles 4-Bm thick can· be r~cognised. 
6.2.;4 Summary 
The lower V2b~ sediments comprise shallow water carbonate 
deposits.; Development of a cyclic pattern of shallow water 
sedimentation took much of the early Livian to become established. 
Cycles are not apparent in the southern Dinant region. Clearly defined 
cycles o~cur first at slightly different levels of the upper V2b0l in 
,_. 
each of the three areas, Vesdre, Namur and N.; Dinant. In general, the 
V2b~ sediments thin eastwards onto the Brabant Massif and then thicken 
slightly in the Vesdre region. A different number of cycles is present 
at each locality.; Correlation between the cycles -3, -2 and -1 can be 
made in the Vesdre and Namur regions. The proportion of open marine 
platform and lagoonal sediments (MFl/LFl-4) to peritidal (MF2 and 
MF3/LF6-8) facies varies. In the lower V2boc, coral bioherms occur; 
205 
their importance decreases as stromatolites increase in abundance. 
Corals are associated with the lower bioclastic part of cycles whilst 
stromatolites become dominant in the upper part. The composition of 
cycles becomes increasingly similar across the area in upwards 
succession towards the base of the V2b~. Flakestones occur at the V2~-
~ boundary in most exposures, but there are no signs of prolonged 
subaerial exposure. The lateral extent of beds and constituent members 
increases allowing correlation to become more precise• It is difficult 
to correlate the thick sequences of bioclastic and coated grain 
limestones which occur at the base of the V2~. 
6.;3 Li vi an Format ion .:. V2bf! 
(l;j 3.1) 
The V2b~ (0 cycle) comprises one 18m thick cycle..:' Its extreme 
thickness of 18m compared to other V2b cycles which are generally less 
than 8m thick, is distinctive and allows it to be identified more 
readily than other cycles. A yellow mudrock horizon (LFS) 0.15-0.2m 
thick occurs two thirds of the way up the cycle. Most outcrops of V2b~ 
age are recognised by these two features, i.e. the thickness of the 0 
cycle and occurrence of the bentonite. The V2bJ3 LFS clay bed is 
extensive; it is known at outcrop from Aachen through southern Belgium 
to the Boulonnais• No obvious trends can be deduced from the variations 
in thickness in the Namur and Dinant regions.; Beds of LF5 mudrock are 
more common and slightly thicker in the Vesdre region. This may 
indicate that the volcanic source lay to the east. The lower 
bioclastic part of the cycle overlies peloidal mudstones and planar 
stromatolites at the top of the V2b~. A gradual progression occurs 
through the various lithofacies and microfacies described in Chapters 4 
and 5. 
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Unlike other V2b cycles, the 0 (V2b~) cycle can be divided into 
approximately three equal parts in vertical succession• The lower two 
parts are thicker sequences of the sedimentary pattern developed in 
other cycles i•e• lower bioclastic and upper peloidal-stromatolitic 
units• However, the top of the V2b~ comprises the micritic, MF3 
sediments alone. 
The lower bioclastic part contains each microfacies described as 
MFl in chapter 5. A trend in the sequence of microfacies can be 
observed across the whole area, although identical sequences of 
microfacies have not been observed at different localities. Microfacies 
are interbedded on a very small scale. Microfacies MF1.1-lo3 are most 
common at the base of the V2b~. Gradually the other MFl microfacies 
develop and become important locally. Towards the top of the lowest 
section are 1-2m of wackestone-mudstone containing abundant uncrushed 
Composita shells, many of which have formed the nucleus for skeletal 
oncoidso This oncolite bed marks a gradual transition from MFl to MF2 
and MF3 microfacies. 
Many of the sedimentary textures within the middle section of the 
V2bp are due to microbial binding of sediments and stromatolite 
formation" which were discussed in chapter 4. Sediments are composed of 
a closely interwoven combination of MF2 and MF3 microfacies. They are 
overlain by a variety of LF8 (MF3) sediments. These are thinly 
laminated mudstones and wackestones, <SOmm thick which are locally 
burrowed and contain rare bioclasts. They are commonly separated by 
paper shale intercalations 2-Smm. There is no sign of microbial or 
algal binding affecting these uppermost lime mud sediments. Peloids are 
locally abundant and may be cross-laminated. No intraformational 
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conglomerate is developed at the V2bp-V2b0 boundary, although 
flakestones may occur locally within the upper two sections of the 
V2bp sedimentation has produced a similar pattern of limestone 
deposition across the Namur-Vesdre regions. Most differences occur in 
the Dinant region. In the Dinant region to the south the V2bp does not 
show definite signs of upwards shallowing sedimentation. It is 
predominantly a medium grained, bioclastic packstone to wackestone 
(MFl.l and MFl.;S) with oolites (MF2.3) which are locally cross bedded, 
cross sets <0.2m, grading into MF3•4• The whole V2bp unit in the Dinant 
region is approximately 13m thick• There are no signs of peritidal 
deposition 
6.4 Livian Formation .: V2b,A 
The V2b6 deposits are cyclic and similar in style to those which 
developed at the top of the V2b~. Cycle thickness decreases gradually 
from the V2bp upwards. Six cycles have been identified within the V2b3 
across the area. These cycles are composed of bioclastic grainstones 
overlain by micritic and microbial wackestones and mudstones with less 
variety of stromatolite shape. The base of the +1 cycle is marked by 
. : 
the sharp transition to a 1.5-2m thick bed of dark, coarse grained, 
bioclastic limestone which sharply overlies the upper V2bp mudstone 
deposits. The +2 to +5 cycles are less distinctive, only 2-Sm in 
thickness. Beds O.l-0.2m thick of flakestones are developed at the top 
of cycles in several localities. The cyclic form of sedimentation fades 
through +4, +5 and +6 limestone sequences as sedimentation becomes 
dominated by bioclastic deposits• 
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In the Vesdre region the few exposures of the V2b6 are similar to 
those of the Namur region. In the northern Dinant region, the V2bt is 
composed of 3 or 4 thin cycles o.5-2m, which as in the V2boc of the 
Dinant area are predominantly fine grained bioclastic wackestone beds 
grading up to micrite. 
6.5 Livian Formation - V2bO 
.The 5-6m of rocks classified as V2b~ are not cyclic. They comprise 
o.o5-0.lm beds of medium to fine grained, grey-beige bioclastic 
packstone (Fig 6.4). These beds coarsen upwards. They contain abundant 
corals, particularly Lithostrotion and a variety of other bioclasts 
representing an open marine fauna described in section 1.10. 
Intermittent beds of micrite and rare ripple stromatolites are 
preserved and locally beds are dolomitised. The sediments are thought 
to represent shallow water platform sedimentation. 
The V2b5 is present across the Namur region. A distinctive feature 
of V2bO sedimentation in the Namur region is the abundance of bedded 
ribbon cherts. Cherts occur as elongate nodules <O.lx~3m, parallel to 
bedding but not necessarily occurring along it. They tend to be 
regularly spaced, 0.05-0.lm apart, irrespective of bedding planes. 
Cherts a~e interpreted as diagenetic and are discussed further in 
section 7.5. 
In the Dinant region a thin cyclic sequence of V2b~ is overlain 
by the V3ap, which is known as the 'Grande Breche', i.e. a 'breccia' 
which cuts out the V2bb and V2b£• 
In the Vesdre region fewer chert horizons have formed in the non 
rhythmic V2b5. The proportion of cherts present decreases towards the 
east and none are documented in the Aachen region (Kasig, 1980). 
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0.4 "' 
Fig 6.4 V2b~ at outcrop, bioclastic limestone with cherts 
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6.6 Livian Formation .: V2bt: 
In the uppermost beds of the V2b, sedimentation returns to a 
cyclic pattern of deposition (Fig 6.;1).; Paproth et al. (1983) defined 
the V2be. as 4, light coloured, stromatolite-rich cycles. These 
limestones are thinly bedded, pale grey to buff units with well 
developed oolite and stromatolite beds at the top. Alternation between 
bioclastic and microbial or micritic uni.ts occurs rapidly and minor 
cycles are 1-2m thick. The V2be sediments are only preserved in the 
central part of the Namur region and in the Vesdre region. 
In these cycles the MF2 and MF3 microfacies are better developed 
than those of the MFl microfacies association. MFl.l is distinct, other 
MFl microfacies are less obvious. Stromatolites are abundant and 
variable in growth form. Coated grains are· large, l-2mm and an 
important contributor to the sediment. 
In the Vesdre region, sedimentation is continuous through the 
V2bE-V3aoc• However, due to later tectonic movements, metamorphism has 
elongated or destroyed many of the sedimentary textures and structures 
preventing correlation or comparison with other areas. 
The return to rhythmic deposition in the V2b£, continues into the 
V3a~ There is no obvious distinction between the sedimentation 
patterns. They are similar both in sedimentology and 
micropalaeontology. The boundary was defined by Michot (1963) and 
Pirlet (1964) who determined that the V2bt existed and comprised four 
cycles. Due to recognition of the similarities in sedimentation, 
Paproth et al• (1983) agreed that the V3aoc should be incorporated into 
the Livian Formation. 
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6.7 Livian Formation - V3a~ 
---
The V3aoc is 45m thick.; It is composed of up to 20 cycles, each 1-
2m thick.; These are pale grey limestones: at the base, bioclastic units 
contain a rich coral fauna. There is a gradual transition through 
oolitic sediments to stromatolites. The fauna became less important as 
microbial mats began to dominate. The cycles are so thin that features 
have not developed sufficiently for use in correlation. Although it is 
fairly easy to define individual cycles in one locality, they cannot be 
correlated. The sedimentary sequence within the V3a~ is similar at each 
outcrop, but outcrops are rare. 
In many localities, the upper V2b and V3a~ are absent. The V2bo or 
V2bb may be overlain directly by a breccia, the 'Grande Breche'. A 
significant change in deposition occurs at the top of the V3~. 
6.8 V3ap .:. Grande Breche 
A horizon known as the "Grande Breche" occurs be low the V3btX. It 
is generally thought to be V3ap in age (Pirlet, 1972). It lies directly 
on sediments varying in age from V2b~ to V3aoc, but its age is 
uncertain. 
The Grande Breche occurs in the Dinant and Namur regions. In the 
Vesdre region there is a conglomerate at this level, but it has 
undergone severe deformation.; In many cases, upper Livian Formation 
sediments are absent and the Grande Breche lies directly on the V2b~, 
6, or £• limestone sediments. The base and top of the Grande Breche 
are rarely exposed thus the nature of the contact and explanation for 
formation of the Grande Breche are unclear. The fact that it lies on 
such a range of sediments implies that its base is not conformable. It 
varies in thickness from 30m at Yvoir, 15m at Samson, 60m at Landelies 
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(outcrop) to more than lOOm thick in the borehole at St. Ghislain 
(Bless et al., 1976) suggests an apparent thickening to the west and in 
fact reflects an increase in the Dinantian sediment thickness around 
St. Ghis lain. 
The Grande Br~che occurs at outcrop wherever the sedimentary 
sequence is continuous from V2b through to V3b (Fig 6.6). It is absent 
in the eastern Namur region, near Liege where the V2b section is thin• 
It occurs in southern Belgium at outcrop and extends westwards in the 
·subsurface to north eastern France where it outcrops in the Boulonnais 
area. The Grande Breche is particularly well exposed in the Carri~res 
du Napoleon at the V3ap stratigraphical level. 
The Grande Breche has a variable appearance at outcrop. The most 
distinctive variation is between a red and grey matrix. The red matrix 
is fissile. It contains a moderately high proportion of clay minerals 
of which the most abundant are typically mixed layered illite-
montmorillonite clays• The grey matrix is more competent and in thin 
section is seen to be a microspar to finely crystalline calcite cement. 
There is no clear cut areal distribution for these two types of 
breccia. In general, the red, clay-rich matrix occurs more commonly in 
the south~east and east whereas the grey calcite matrix occurs in the 
north and west• 
At Namur the Grande Breche is a clast supported grey breccia. 
Clasts 1-lO's m in size are randomly orientated and are supported by 
smaller fragments of the same lithofacies. Angular clasts are composed 
of one of three different lithofacies: fine-grained, white, 
homogeneous mudstone, fine-grained, pale grey, stromatolitic micrite, 
medium-coarse grained, dark grey planar stromatolite in a micritic 
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a Namur, clasts of microbial laminite, intraclast conglomerate, 
mudstones in grey calcite matrix 
Fig 6.6 Outcrop of Grande Breche 
b Leffe Valley (near Dinant) angular mudstone blocks in grey matrix 
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matrix. The matrix contains many small chips from the lithoclasts. The 
lithofacies comprise a number of MF2 and MF3 microfacies. These include 
peloidal grainstone to mudstone, coated grain and ooid grainstone to 
wackestone. Larger clasts, are supported by much smaller fragments. 
Clasts tend to be rectangular in cross section as if broken off from a 
bed. The remaining void space is filled by blocky calcite cement. They 
show a variety of diagenetic features. Early cementation, commonly 
calcite microspar, has preserved early stromatolite and fenestral 
textures. Cavities which developed early may be lined with a coarse 
fibrous cement. Rarely, clasts may show concentrations of calcite 
crystals which have been interpreted as pseudomorphs after gypsum and 
anhydrite. Many of the lithoclasts are so well compacted that they have 
stylolitic contacts. 
Clasts may exhibit calcite veining and fracturing. These are on a 
larger scale than those of the Bane d'Or, c~acks affect whole clasts 
and parts of the matrix. The fractures are likely to have developed 
during burial• Fractures have subsequently been filled by a coarse 
calcite spar cemen~ 
In the northern Dinant region, the grey breccia is more commonly 
mat~ix supported. Clasts are generally smaller <O.Sm across, more even 
in size and angular. They are of a fine grained micritic, rarely 
peloidal or bioclastic limestone and are held apart by a micro-
crystalline calcite cement. Clasts may be coloured brown, light or dark 
grey. The lithoclasts are less compacted than those of Namur, none have 
stylolitic contacts. The breccia is commonly fractured, the fractures 
being filled by a coarse blocky spar cement. A thin <O.lm, flat, yellow 
mudstone (LFS) layer lies parallel to bedding between the breccia and 
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the overlying V3b sediments. 
No lithoclasts of the size seen at Namur have been found within 
the red matrix. Clasts in the red clay-rich matrix tend to be angular, 
of micritic limestone and less than 0.4m in size. There is a greater 
tendancy for clasts to be matrix supported. From XRD analysis the main 
clay mineral in the matrix is ordered illite-montmorillonite (10% 
montmorillonite). Thus there is little difference between this and 
bentonitic horizons of LFS. The XRD patterns obtained bear a remarkable 
resemblance to those of the Kalkberg Bentonite obtained by Reynolds and 
Hower ( 1970). 
Clasts are similar to the underlying sedimentary sequences. Thus, 
stromatolitic or oolitic clasts occur only where they are common in 
underlying sequences. Clasts of homogeneous micrite, similar to MF3.;3 
and MF3.4 are the most abundant microfacies across the whole area. 
The angular nature of the clasts suggests that the sediments had 
already undergone a certain amount of lithification prior to 
brecciation. 
Cements present within the clasts are different from those which 
have developed between the clasts. Early cements must have developed 
within the sediment to allow clasts to remain coherent and angular 
through brecciation.; These cements may be micritic, or less commonly, 
radial-fibrous hemispheres with interfering growth boundaries in 
cavities or thin fibrous coats around peloids or micritised ooids. 
The Grande Breche is a polymict breccia composed of large, 
angular, sedimentary lithoclasts which have not undergone substantial 
erosion during transport since deposition. The poor exposure of upper 
and lower contacts of the Grande Breche enhances the number of theories 
216 
proposed for its formation. Many different mechanisms have been 
suggested for the formation of the Grande Breche. The main arguments 
are between a tectonic or sedimentary origin• 
The 'breccia' has been recognised for over 150 years• Gosselet 
0860) suggested that it was a sedimentary breccia, marking a 
stratigraphical level. However, Briart (1894) thought that it was more 
probably tectonic in origin, possibly the plane of a fault which had 
been reworked and folded. Since then many ideas have been proposed 
concerning the origin of this horizon. The main arguments under 
discussion at the present are for an evaporite collapse breccia 
(Wolfowicz, 1984) or an olisthostrome origin (Pirlet, 1972)• 
Pirlet (1972) suggested that the Grande Breche had erosive upper 
and lower contacts and caused local stratigraphical repetition. He 
identified Tournaisian and Namurian blocks within a breccia 'with no 
sedimentary matrix'. Thus he implied that the breccia represented an 
olistolith which must have been tectonic in origin. Belgian 
micropalaeontologists are not convinced by Pirlet's arguments for the 
dates of the clasts he has studied. The clay matrix of the breccia 
resembles bentonitic horizons in mineralogy• The similarity of the 
sediments within the breccia to those in underlying beds does not 
suggest much transport. It has been shown that Livian sediments vary 
slightly to the south and since this is the suggested source area, 
their allochthonous origin does not seem likely. There are few signs 
adjacent to the breccia to suggest that it is one huge thrust slice or 
several smaller ones• Some of the sections which have been included in 
Pirlet's work are of totally different ages and cannot therefore be 
included in this debate. 
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The argument for an evaporite collapse breccia is slightly more 
plausible. Interest in evaporite minerals has increased since the St. 
Ghislain borehole was drilled in 1979 (Groessens et alo, 1979). Cores 
retrieved showed approximately lkm of anhydrite in sediments equivalent 
to the middle Visean. Nowhere else in Belgium is such a thickness of 
evaporite minerals known. Sediments at St. Ghislain record rapid local 
subsidence, the whole Visean succession is about 1880m thick. This 
thins rapidly to the east. Elsewhere it is only rarely that small 
clusters of calcite crystals thought to be pseudomorphs after gypsum 
and less commonly anhydrite occur. It seems a natural step to suggest 
that in many of the Visean sediments, evaporites formed across a broad 
region, but that with gradual burial a change in the local groundwater 
conditions may have caused the anhydrite to become unstable and 
dissolve.; If significant accumulations of evaporite minerals occurred 
elsewhere, it would have led to instability, fracture and collapse in 
the surrounding rock body and if sufficient material was dissolved out 
could lead to the formation of a breccia of the thickness seen today. 
It is presumed from the similarity of the clasts to the adjacent 
limestones that they originated from the upper V2b-V3a sediments. In 
the ~orehole at St. Ghislain, the breccia reaches 120m in thickness. It 
resembles the grey matrix breccia. 
'It has also been suggested that this breccia might represent the 
initiation of platform break-up, possibly in relation to crustal 
movements further to the south at the time. Platform collapse tends to 
be associated with faulting, and possibly volcanism and synsedimentary 
deformation, slumps and resedimentation with subsequent deep water 
basinal deposits.; None of these are in evidence. Shallow water 
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carbonate platform sediments of the V3b are similar to those of the V2b 
but cycles have a gradually increasing terrigenous content. 
Calcrete development has been suggested to explain the breccia; 
however, signs of subaerial exposure and calcite growth displacive 
fabrics have not been observed at this level.; There are no obvious 
signs of the lower contact infilling a karst or erosion surface. 
Tectonic influences during the middle Visean are discussed in 
Chapter 8• If these were to cause any instability, they would be likely 
to increase to the south, towards an area of increasing deformation. 
If the Grande Br~che were a collapse breccia formed by evaporite 
dissolution, much of the collapse would have occurred prior to the 
deposition of the V3b0(. sediments as these tend to be well bedded and 
unaffected by deformation• Evaporite collapse would be specific to the 
horizons containing evaporites and those supported by them. The 
dissolution of evaporite minerals by groundwater would explain their 
general absence from the sedimentary sequence within sediments which 
otherwise preserve features of upper intertidal and supratidal 
environments. 
6.9 Lateral Variations 
There have been no previous attempts to study and compare the 
three areas Namur, Vesdre and Dinant. Previous correlation has involved 
comparing the thickness of sediments in two or three adjacent 
localities without reference to lithological detail. Sedimentary cycles 
are present but not ubiquitous or as extensive as suggested by Michot 
(1963) who described the whole V2b as comprising similar sedimentary 
cycles• Elsewhere, sedimentary 'cycles' ioe.; alternating beds of 
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bioclastic rich and micritic sediments may be only a few centimetres 
thick. These very thin cycles have a poor lateral continuity which 
within these sediments seems to be too insignificant to class as a 
minor cycle.; Their lower bioclastic unit is generally too small to 
identify individual microfacies sequences. 
Exposure in the Namur Region is good, giving tight control on 
lateral continuity of sedimentary features.; This is not so for other 
areas, particularly in the south east around Comblain-au-Pont and in 
the southern Dinant region.; where greater extrapolation is required. 
There are noticeable similarities within and differences between the 
V2b-V3a~sediments across the three regions which assist in their field 
identification and help to build up a picture of the regional 
palaeogeography. 
The southern Dinant area, i.e. areas around Dinant itself, provide 
the greatest contrast in sedimentation to the rest of the area. Fig.6.7 
shows a comparison of some graphic logs of the -1 cycle (V2boc).; A 
slight thinning of the sedimentary pile is observed towards the east of 
each area, e.g. in the Vesdre Basin, at Bai Bonnet the V2b is 94m, at 
Walhorn it is 66m thick.; Bless et al. (1980) noted that significant 
thinning of the sedimentary pile occurs in the Aachen region. 
6.9.1 Faunal Variations 
The fauna represented in the lower part of each cycle is an 
important feature of correlation. The proportion of MFl:MF2 + MF3 tends 
to decrease towards the east. The fossil assemblages described earlier 
(section 1.10) can be distinguished in most cycles. There are no known 
evolutionary trends through the Livian stage. Small bioclastic 
variations are rarely persistent from one locality to another.; It has 
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not been possible to identify and correlate similar microfacies 
sequences between outcrops. This may be a result of sampling, but it is 
more likely to indicate local topographical and geographical variations 
in the depositional environments. Thus the microfacies groups are such 
that a general bioclastic assemblage (MFl.l) occurs at the base of each 
cycle from which the fauna apparently specialises• This in turn has 
been ~nterpreted as the gradual physiogeographical evolution of the 
sedimentary environment. The most commonly identified microfacies in 
the lower part of the cycle is a dominantly echinoderm, foraminifera, 
brachiopod assemblage which locally becomes rich in beresellid algae. 
Towards the top of the lower part of the cycle calcispheres and less 
commonly dasycladacean algae increase in abundance• The dominant 
faunal elements preserved from the lower part of each cycle are the 
same and represent a normal, shallow marine fauna. It is inferred that 
ecological niches developed along the southern 'coastline' of the 
Brabant Massif in which local specialisation took place. These may have 
been subjected to different effects of wave or current activity, normal 
or slightly restricted circulation and salinity• 
Algal bioclasts occur in the Dinant region. One species, 
Girvanella fragila? is commonly observed in the bioclastic sedments of 
the Dinant region but does not occur elsewhere. Those algae which are 
common in the north: Beresella, Ungdarella and Kamaena are all rare 
occurrences in the south. Koninckopora is locally common around Dinant. 
Algae are thought to be facies specific and these variations may reveal 
more about the differences between north and south. Not much is known 
about the habitats of these algae. They are interpreted as having been 
deposited in slightly restricted, marine, quiet, clear, warm subtidal 
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conditions possibly lagoonal deposits, generally finer grained 
sediments than the cyclic sequences of the Namur region (Petryk and 
Mamet, 1972; Riding, 1977; Wray, 1977). 
Variations in the bioclastic assemblage can be seen both in the 
southern Dinant region and further east in the Vesdre region. In the 
southern Dinant region, there is a variation in the flora; Girvanella 
increase in abundance. The fauna is abundant but less varied than 
elsewhere. In the Vesdre area, diversity and to a lesser extent 
abundance decrease towards the east. The foraminifera which are 
considered by Conil et al.; (1977) to be the fundamental constituents of 
the Livian fauna occur throughout the Dinant, Namur and Vesdre regions. 
Kasig (1980) noted the presence of Koskintextularia, Quasiendothyra 
nibelis, and less essential diagnostic members of the Livian fauna 
Eostaffella sp., Brunsia ~· and Koninckopora sp. in the Livian of the 
Aachen region. The rarity of Tetrataxis and Pseudoammodiscus may record 
a general lack of stenohaline conditions in the Vesdre area. 
A general variation in the fossil assemblage is observed from 
north to south and from east to west (Fig 6.8). However, the 
palaeontology has not been studied in sufficient detail to enable a 
discussion of systematic variations over this area. 
6.9.;2 Microfacies Variations 
A thinner sequence of sediments occurs in the southern Dinant 
area, which may be due to slower deposition on the middle to outer 
platform. The sediments are not obviously cyclic as in the Namur 
region. Sedimentary alternation between coarse-grained, bioclastic 
packstone and finer grained, micrite-rich wackestone-mudstone occurs. 
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The coarse grained bioclastic sediments closely resemble MFl.l, 
although their faunal content is slightly more limited (Fig 6.9). 
Bioclasts tend to be of resistant species such as brachiopods, corals 
and echinoids• Nowhere has a sequence of varied microfacies resembling 
those of the Namur area been identified. The coarse grained sediments 
may contain ooids or be interbedded with them• Oolites are cross 
bedded, 0.3-0.Sm thick units of relatively pure radial-concentric 
ooids. They are commonly associated with shallow marine bioclastic 
sediments whereas in the Namur area, ooid-rich microfacies are 
associated with intertidal sediments. Coarser grained bioclastic 
sediments in the south of the Dinant region are interpreted as shallow 
shelf, normal marine sediments• 
The micritic sediments of the Dinant region also contain 
bioclasts. These are predominantly of calcispheres, simple foraminifera 
and peloids (MF1.4). Calcispheres are more abundant in the southern 
Dinant region than anywhere else in the Namur or Vesdre regions. These 
sediments may have been deposited in quieter, more restricted 
conditions than the coarser grained deposits. Peloids are abundant in 
the matrix. 
There is no evidence for intertidal sediments or subaerial 
exposure representing shallowing of the area around Dinant, except at 
the top of the Livian Formation. Within the Grande Br~che (V3ap) clasts 
of stromatolite fragments and oncoids occur in a fine grained micritic 
limestone. These are interpreted as being subtidal, shallow water 
indicators. 
Further north in the Dinant region, e.g. Bouvignes, sporadic signs 
of intertidal depostion are gradually replaced by the initiation of 
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repetitive shallowing upwards cycles of.shelf to subtidal sediments 
grading into shallow subtidal and lower intertidal deposits.; Cyclic 
sedimentation develops and becomes more noticeable in the northern 
Dinant region and is accompanied by an increase in the thickness of the 
sediment pile towards the north. This may reflect the increased rate 
of carbonate sediment production on the shallower areas of the tropical 
to subtropical platform• 
In the northern part of the Dinant region sediments within the 
lower bioclastic unit of cycles resemble those of the Namur region in 
thickness and composition• It is possible to correlate between cycles 
of the northern Dinant and Namur regions. A micritic matrix is common 
in the sediments of the northern Dinant area producing packstone and 
wackestone textures whereas grainstones are more commonly observed in 
sediments to the north. The increased micrite content in the Dinant 
region is interpreted as indicating quieter and possibly slightly 
deeper water conditions. 
Within the upper part of cycles, in the sediments around Dinant, 
the intertidal and supratidal facies are absent or only poorly 
developed. The wide variety of stromatolites seen to the north are 
absent through the V2b sediments but become a more important feature in 
V3a~ beds. The V3a~ beds are again dominated by stromatolites and 
oolites. The extent of these facies is wider and better developed than 
in the V2b even though they are relatively thin. In the southern Dinant 
region, algal colonisation rarely occurs. Sedimentation in this region 
may represent a different type of cyclic deposition which has not been 
clarified during the course of this study. Deposition in the southern 
Dinant region was probably below wave base and the rate of 
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sedimentation rarely exceeded sea level rise or the rate of subsidence. 
Sand bodies developed locally and may have acted as barriers to water 
circulation. 
The gradual appearance of a cyclic pattern of sedimentation 
towards the north is interpreted as a gradual shallowing of the 
depositional environment. It is inferred that around Dinant the 
depositional surface was well below the tidal regime so that variations 
in the water depth are not so clearly recorded in the sedimentary 
column. 
In the east of the Dinant region, around Comblain-au-Pont, 
sedimentation was similar to that of the western Namur region. The 
sedimentary sequence is thinner but the cycles and component 
sedimentary microfacies are closely comparable. They are interpreted as 
recording middle shelf deposits shallowing up to lower intertidal 
deposits. 
In the Namur region, there is a distinct variation from east to 
west. Sediments from the western end of the Namur region are 
comparable with those from the eastern end of the Dinant region. The 
sediment pile comprising the Livian Formation thins as it abuts the 
Brabant Massif. In the east, upper V2b sediments are absent. At the 
end of V2b time, the eastern end of the Massif became exposed and has 
suffered erosion• It may be that middle to upper Visean sediments were 
initially deposited across the whole area, but have since been eroded 
in certain areas. Palaeokarsts are well developed at the south-eastern 
end of the Brabant Massif, e.g. at Vise, recording a break in 
deposition between the Lower and Upper Visean, Vl and V3 sediments 
(Poty, 1981). (It is unfortunate that so much of the Visean is absent 
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at Vise!). In general therefore, at times of relatively low sea level 
stand, represented by the upper parts of each cycle, western areas of 
the Namur region were probably intertidal - locally supratidal, whilst 
the eastern end of the area may have been predominantly supratidal. 
Peritidal areas leave distinct sedimentary records, especially if they 
preserve signs of exposure. 
Small channels are int~rpreted from downcutting lenses O.l-0.2m 
across, <0.05m deep, of coarser grained material or intraclasts within 
finely cross laminated micrite. Although these are small scale 
structures, they are extensive, especially in the central to eastern 
Namur region• The absence of tidal channels is similar to the situation 
on the northwest coast of Andros Island, where the angle of wave attack 
and runoff has created passive tidal flats (Tucker, 1985). 
In the east of the Namur region, in the -4 and -5 cycles, low-
relief, ripple-dome stromatolites are associated with oolites. These 
beds are not ubiquitous. By the -3 cycle, a similar depositional 
environment is presumed to have existed along the southern edge of the 
Brabant Massif, having been slightly shallower in the east. In this (-
3) cycle, large domal stromatolites are distinctive (Fig 4.8). In the 
-2 ~ycle, the bioclastic part of the cycle has a rippled top, the 
surface of which was preserved by algal colonisation (Fig 4.9). The -1 
cycle has a horizon 0.5 - 0<75m high of columnar stromatolites (Fig 
4.5), with a large stylolite forming around and between their peaks and 
large overlying domed stromatolites• This combination of features 
occurs across the Namur area and into the Vesdre region and makes a 
distinctive, recogniseable cycle. Stromatolites within the V2b~ cycle 
form a thick but variable unit. 
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The Vesdre region to the east has many similarities with the Namur 
region.; The reduced fauna is interpreted as indicating a slighlty more 
restricted conditions than the Namur region.; Sedimentation took place 
in a lagoon which became increasingly restricted through each 
shallowing upwards cycle. The lagoon shallows against an oolite shoal 
in the east and the Stavelot-Venn Massif in the south east. 
The western parts of the Namur and Vesdre areas tend to preserve 
a greater number of cycles, suggesting increased sediment production in 
more stable environments. The slightly deeper parts (10-lSm?) of the 
Namur region may have been the sites for bioherms developing just 
offshore. Small coral bioherms inhabited these lagoonal waters. Algal 
bioherms dominated in shallower subtidal regions. These small coral 
bioherms (LF3) may have acted as partial barriers to water circulation 
within the platform or lagoon, but from their position and size it is 
unlikely that they could have acted as barriers enclosing the lagoon. 
There is no evidence of subaerial exposure at the top of bioherms. 
Coral and bryozoan debris is common within the MFl sediments and may 
have been derived from these mounds through wave, storm or tidal 
action. Barriers offshore are inferred to have existed in the west, 
although they are not exposed, to protect the shore from the full force 
of tides, waves and storms. The shoreline may have been protected from 
the full force of tides by its orientation. In the east, coral 
bioherms are rare; algal bioherms are not so well developed and where 
present are 0.2-0.3m high, smaller than their counterparts in the west 
which range from 0.2-0.Sm high. The lateral extent of the bioherms may 
be up to 20m.; 
The Vesdre region is an exception; clay bands are common 
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throughout the V2b and it is more difficult to identify individual 
clay-rich mudrock marker horizons. Clay-rich mudrocks (LF5) are not 
evenly distributed across the area. The Vesdre region has many beds of 
LFS within the Livian Formation which are of poor lateral extent. 
The preserved intertidal sediments across the region do not appear 
to have developed in an arid climate' i.e. evaporite minerals, tepees, 
mud cracks etc. are not common. Evaporite pseudomorphs are rare in the 
Namur and Vesdre regions. Calcite crystals in lozenge shape 
pseudomorphs after gypsum are the most common variety and occur as 
individual or small clusters of crystals within micrite sediment. They 
usually only occur towards the top of a cycle. Variations between 
textures are apparently random. There are no clear indications that 
particular environments such as tidal channels, beaches and ponds 
developed in certain localities. It is therefore postulated that the· 
environments which developed along the southern margin of the Brabant 
Massif fluctuated prior to imprinting any lasting effects in the 
landscape. It is possible that the lack of preservation, possibly due 
to bioturbation may have removed all traces of sedimentary srtuctures. 
From a comparison of Livian sediments and modern equivalents (Chapter 
2) there are several similarities. 
Subaerial exposure is recorded by desiccation e.g. mudcrack 
formation, irregular fenestrae, or intraformational conglomerates at 
the top of cycles. This form of exposure is recorded in eastern parts 
of the Namur region where subaerial exposure was presumably more 
frequent. 
The lower bioclastic part of cycles are interpreted as having been 
deposited in a shallow platform sea which covered the whole area and 
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deepened gradually towards the south. The shelf was extensive, with 
few major variations in physiography east-west along its length which 
allowed similar deposits to accumulate across the area. If a break in 
slope occurred on or at the edge of the shelf, there is no exposed 
evidence for it. The pattern of sedimentation changes slightly towards 
Dinant and any break in slope at the shelf edge would probably have 
occurred to the south of Dinant. 
During the upper part of each cycle, the area is thought to have 
been covered by a large, open marine lagoon, part of a platform which 
deepened gradually to the south where there may have been a barrier. 
The relative abundance of thin cross-bedded oolites suggests that there 
may have been a local ooid source, possibly a nearby shoal. The lagoon 
gradually became more restricted as the sea regressed. 
6.9.3 Marker horizons in the Livian Formation 
One of the subsidiary aims of this thesis was to identify marker 
horizons to enable correlation between quarries. These observations 
have to be on a lithofacies scale• There are some marker beds which aid 
the identification of this sequence. These are summarised in Fig 6.10. 
The _most readily identifiable cycles are -3, -2, -1, 0 and +1. 
Within the V2b~ cycle itself are various continuous beds: 
a) 2 horizons of 'stylo-nodular' calcareous mudstone O.l5-0.2m apart 
b) an irregular undulose surface, thought to be caused by non-sutured 
seam solution. Irregularities in the surface have been filled with 
black calcareous mudstone, 10-30mm deep. 
c) LFS bed, yellow unfossiliferous mudrock, o.os-0.25m thick 
approximately 7m from the top of the cycle. 
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Cycle number 
+1 
0 
-1 
-2 
-3 
da~ grey 
coarse, bioclastic grainstone 9 
yellow, clay-rich mudrock 
coral rich shale 
ripple stromatolite 
nodular shales 
Composita oncoid 
dome stromatolite 
stylolite 
column stromatolite 
oncoid 
ripple stromatolite 
dome stromatolite 
.::-::::-.-=--=_"11 
') (' 
• • 
===== 
white 
IMPORTANT CORAL SPECIES 
Haploplasma coni I i 
Heterophyllia ornata 
Hexaphyllia mirabilis 
Lithostrotion martini 
L. irregulare 
J.. ondulosum 
L. araneu m 
Fig 6.10 Marker Beds Within the Livian Formation 
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d) brown, finely laminated calcareous mudstone, 0.;05-0.;lm thick, 1.75m 
from the top of V2b~ 
Other criteria such as bioclast horizons, commonly coral or 
brachiopod debris, are less consistent but may be useful when studying 
adjacent outcrops. (Sa- eY'Ic1revre 1) 
6.;10 Palaeogeography 
The interpreted palaeogeography is summarised in figure 6.11.; 
This ~ based on the descriptions, interpretations and discussions in 
the previous chapters. 
The depositional environment has so far been interpreted as a 
shallow-marine carbonate platform. A lack of Carboniferous exposure 
further to the south in the Ardennes makes it difficult to distinguish 
between a platform or ramp geometry. 
In similar modern carbonate environments, three major geotectonic 
settings can be recognised: shelves, platforms and ramps. These have 
distinctive stratigraphical and sedimentological characteristics. 
Platforms are very extensive areas lOO's-lOOO's of kilometres wide with 
a more or less horizontal top. They may occur as isolated platforms 
surrounded on all sides by deeper water or attached to a landmass. 
Platforms may have steep to gently sloping margins. High energy 
carbonate sands and reefs may develop in the margin zones which are 
open to ocean swell and tidal currents. Carbonate shelves are similar 
near horizontal areas, narrower than platforms, lO's-lOO's of 
kilometres wide. They tend to have a marked break in slope at their 
margin where a slope descends to the adjacent basin. Shelves may be 
rimmed by reefs or carbonate sand bodies or be open to circulation.; 
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Ramps are sloping surfaces which pass from land into progressively 
deeper water, without any significant break in slope (Ahr, 1973). Ramps 
are commonly open to circulation. Wave action is most concentrated in 
inner areas where wave base impinges on the sea floor, unless energy 
has been dissipated whilst travelling across the broad ramp. 
If the region originally had dimensions similar to those of a 
small, modern platform of the order of lOOkm, substantial shortening 
must have occurred to produce the observed geological record. 
In the Tournaisian, Waulsortian reefs are thought to have been 
initiated in water depths of 300-400m below sea level to the south of 
Dinant (Lees et al., 1985) whilst thick cross-bedded oolite deposits 
were accumulating further north. This would imply that in the 
Tournaisian, water depths were deeper around Dinant and that a gentle 
gradient towards the south existed across the 'platform'. Lees (1982) 
envisages Waulsortian mounds developing in the distal portions of a 
ramp slope in the Culm basin• 
A gradual increase in depth towards the south has been shown from 
the sedimentary study. In the north, relatively limited quantities of 
open-marine limestone beds alternate with abundant peritidal carbonate. 
A number of transgressive-regressive units can be recognised. There are 
few signs of subaerial exposure or marine erosion surfaces which might 
be expected within a sequence of shallowing upwards cycles.; The 
sediments contain stacked, shallowing upwards units which are commonly 
identified in inner ramp settings (Wright, 1986). Sea level variations 
were sufficient to affect the position of tidal regimes, but they did 
not leave such a marked effect in the slightly deeper environments. In 
the Dinant region, sediments are presumed to have been deposited below 
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storm wave base. Sediments are predominantly bioclastic mudstones and 
wackestones. Waulsortian reef mounds occur in the Tournaisian in the 
southern part of the area. There is no evidence of the numerous 
shallowing phases seen to the north. Subaerial exposure surfaces and 
indications of peritidal conditions do not occur. 
On a ramp, one would expect to see a gradual thickening of 
sediments into the basin, in this case to the south.; It is noticeable 
that during the Livian, sediment thickness decreases to the south. 
Through the combined Devonian and Dinantian, the rate of subsidence and 
sedimentation was greater to the south creating a thicker sedimentary 
pile• This trend was reversed during the Namurian, possibly because the 
basin had been filled• 
Sediments in the northern Dinant region are remarkabl~ similar to 
those of the Namur region but have been moved by the Midi Thrust. This 
study has shown up a greater variation in sedimentation between the 
northern and southern Dinant regions than between the Namur and Dinant 
regions. It may be that one or more major thrusts lie concealed below 
the Dinant region, along which there has been greater movement than 
along the Midi Thrust.; 
The observed facies in southern Belgium resemble those of South 
Wales, which have been described by Wright (1986) as representing a 
ramp. However, a change in platform geometry is thought to occur 
between these two areas. From the evidence presented here it is 
obviously difficult to establish the precise geometry of the area. The 
Visean sediments of southern Belgium are presumed to represent part of 
a platform sequence or part of an extremely gently shelving ramp. The 
sediment distribution records progressively lower energy sedimentation 
in deeper water towards the south.; There are no signs of a break in 
slope or barriers at the shelf/platform edge.; These features may lie 
further to the south and be eroded or covered by later deposits. 
6.11 Possible Causes for Cyclic Sediment Deposition 
Previous chapters have described minor cyclicity within the Livian 
Formation of Southern Belgium. A similar form of minor cyclicity has 
been observed along the southern margin of the Brabant Hassif in the 
Holkerian sediments of South Wales (Wright, 1986) and France (Hoyez, 
1971). 
Careful logging of the composition and thickness of cycles shows 
up variations across the region which record local influences such as 
the type of sedimentation, tidal flat progradation, storm deposition, 
erosion, etc. Microfacies, though similar in each locality, only rarely 
occur in identical sequences. Some minor cycles >Sm thick may be 
correlatable.; It is more difficult to correlate minor cycles which are 
less than 5m thick. These cycles are too small scaled for faunal 
variations to be of assistance in correlation, although there are 
useful individual, laterally persistent faunal beds. In North Wales, 
subaerial exposure horizons have been used to enable cycle correlation 
(Somerville, 1979a,b).; The lack of easily identifiable cycle boundaries 
such as subaerial exposure phenomena may prohibit correlation between 
South Wales and the Ardennes, although these areas may record similar 
depositional environments. 
Cycles can form naturally without any external cause of sea level 
variation. Ideally, a shallow marine platform with carbonate saturated 
seawater, constant sea level, no uplift or subsidence would 
precipitate carbonate and build up to or just above sea level through 
'"'3'7 .:: ,
the progradation of tidal flats and vertical accretion of shallow 
subtidal sediments into shallower depths. As intertidal and supratidal 
conditions became established, the carbonate production area ioe. the 
shallow marine platform would become significantly reduced in size, 
with a resultant reduction in carbonate precipitation. Gradual 
subsidence accompanied by decreasing carbonate supply would lead to a 
transgression. As sea level rises, subtidal environments are widely 
established over a platform with tidal flats at the shoreline. In this 
environment, sediment type is partially determined by de~th• Abundant 
carbonate production following a transgression typically produces a 
shallowing upwards sequence of subtidal through intertidal and 
supratidal deposits. A relative regression exposes the platform to 
supratidal and subaerial processes. Variations in cycle form are 
thought to be a function of the gradient of the platform; shoreline 
sediments record the most detail of changing environments• 
Transgressions in the Livian Formation appear to have been relatively 
rapid.; 
There has been much discussion about the causes of repeated 
shallowing-upwards cycles. The deposition of cyclic sequences has been 
attributed to external factors such as sedimentation, tectonics, 
eustacy or climate. Eustatic cycles are generally assumed to be of wide 
geographic extent. No extensive Dinantian glaciations are known; this 
cause of sea level change is therefore thought to be unlikely• A 
worldwide eustatic cause for cyclicity in the Carboniferous has been 
rejected by Duff et al. (1967) because of the cycle size and the great 
lateral variations over short distances. Tectonic events, in particular 
variations in ocean capacity related to rifting and ocean floor 
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spreading are known to affect sea level changes. Transgressive or 
regressive events may be indicative of changes in the rate of sea level 
change rather than indicative of eustatic rise or fall of sea level 
(Pitman, 1978). Subsidence may be due to thermal cooling or sediment 
loading. 
Karner (1986) proposed that tectonic events produce three periods 
of tectonic cycle formation: 200-400my, 10-50my and l-5my. These events 
are associated with rifting and ocean floor spreading. In particular, 
the smallest period of cycle is produced by plate reactio~ to imposed 
stresses. The tectonic situation of the Ardennes is discussed in 
chapter 8 and is thought to have involved the formation and closing of 
a seaway or ocean between the Massif Central and the Brabant Massif. In 
the Holkerian of Belgium, if a fairly constant rate of sedimentation is 
assumed, minor cycles can be inferred to have taken 50,000-150,000 
years to be deposited. By comparison with the proposals of Karner 
(ibid), it seems likely that variations in rigidity of the lithosphere 
due to local rifting and thrusting, may have been important in 
controlling transgressions and regressions of major cycles i.e. Livian, 
Warnantian stages• The Brabant Massif acted as a peripheral bulge 
during the Carboniferous. As thrusts were stacked on to the southern 
edge of the foreland, the Brabant Massif was uplifted• A cycle period 
of 2my conveniently fits the major cycle scheme for the Lower 
Carboniferous described by Ramsbottom (1973) which in effect matches 
each stage boundary with a major cycle boundary and therefore with a 
transgression. However, the observed Livian Formation cycles are much 
smaller. 
In the Livian sediments of southern Belgium, an overall tectonic 
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control may be responsible for the general pattern of sedimentation 
seen. However, the minor cycles and local variations in sedimentary 
pattern described above, may be· due to depositional regression. 
240 
CHAPTER 7 
Diagenesis 
This chapter deals with the petrographic description and inter-
pretation of the various diagenetic environments which are recorded 
within the Middle Visean sediments of southern Belgium. A petrographic 
description of each cement type is followed by a discussion of possible 
causes of formation• The observed cements are divided into several 
categories: early cements include fringing and non-fringing types. 
Micritic, fibrous and spar cements are described first• The terminology 
used to describe these cements is after Folk, (1965) and Kendall and 
Broughton (1978). Other features of diagenesis which are described and 
discussed in the chapter include dolomitisation, silicification, ooid 
deformation, stylolitisation and the effects of burial. In summary, a 
burial curve and table of the diagenetic features observed are 
presented• 
7 .1. Fringing Cements 
Fringing cements occur most commonly in microfacies of the MF2 
association and the majority of the cements described are from the 
Namur region. The morphology of the cements surrounding depositional 
grains is variable• Individual cement types may be very locally 
developed; within one centimetre there may be variations in fringing 
cement morphology either vertically or laterally• Fringing cements 
which appear to have been precipitated at different times may be 
similar petrographically• They may be fibrous, equant, micritic, 
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isopachous or variable in thickness. The following fringing cements are 
described: 
TYPE 1 FIBROUS 
TYPE 2 EQUANT: 2a, isopachous rims; 2b, non isopachous; 2c, compacted 
non isopachous. 
TYPE 3 BLADED 
TYPE 4 MICRITIC: 4a, isopachous rims; 4b, non~isopachous cements 
Many of the fibrous cements observed are the result of very early 
carbonate precipitation. Fibrous calcite grain coats preciRitate during 
and prior to ~"""'"\c..h~ .,, creating depositional grains and have alre?dy 
been discussed in section 5.2•2• 
The dominant cements precipitated in a modern active marine 
phreatic environment are magnesium calcite and aragonite (Bricker, 
1971). Crystals of fibrous morphology , i<e. acicular or bladed may be 
aragonitic or high magnesium calcite in origin (Ginsburg and James, 
1976; Hanor, 1978; Harris, 1979; James et al., 1976; Longman, 1980; 
Mazzullo and Cys, 1977). In contrast, low magnesium calcite typically 
forms equant crystals (Bricker, 1971; Folk, 1974; Lahann, 1978; 
Schroeder, 1973).; The disposition of the cements may depend on the 
nature of the substrate, cavity, pore fluid and rate of 
crystallisation. Subsequent neomorphism of Type 1 cements has meant 
that their fibrous appearance is only locally preserved.; A former 
aragonite mineralogy may be indicated within a neomorphic mosaic by 
square ended fibres, (Assereto and Folk, 1976).; It should be noted that 
some exceptions to this generalisation· do occur• Fibrous low magnesium 
calcite may develop in some meteoric vadose environments (Longman, 
1980), where an increased co3 2- supply in seaward flowing groundwater 
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is produced by degassing (Hanor, 1978) in the intertidal zone of 
tropical to subtropical beach sediments.; Likewise, equant high 
magnesium calcite has been documented in cool temperate marine waters 
(Given and Wilkinson, 1985).; These examples show that the morphology, 
particularly mineralogy and composition of the calcium carbonate phase 
may bear little resemblance to the Mg/Ca ratio of the precipitating 
fluid.; Crystal growth rate relative to co3
2
- availability and Mg/Ca 
ratio are also important in determining crystal composition and 
morphology (Folk, 1974). 
Within the active marine phreatic zone, rigid substrates, provide 
good sites for cementation, whereas cements may be poor or absent in 
deeper or more protected areas (Friedman et al.;, 1974; Macintyre, 1977; 
Schroeder, 1972).; Cementation in high energy submarine environments, 
such as reefs and intertidal regions tends to be rapid because of the 
enhanced pumping of water through the sediment.; Nearshore carbonate 
sand bars, especially those characterised by slow sedimentation rates 
and a relatively coarse grain size are also vulnerable to marine 
cementation (Arabian Gulf: Shinn, 1969) especially where saturated 
water is pumped through the sediments.; 
Type 1 cements are interpreted as shallow marine cements which 
imply an early submarine cementation in an environment similar to that 
of deposition. Locally, sufficient quantities of cement have been 
precipi~ated to cement grains together forming a crust, which may have 
acted as a beachrock. Taylor and Illing (1969) described dense crusts 
forming at the upper surface becoming less even and weaker downwards.; 
These required a stable sediment, supersaturation of the pore fluids 
and a plentiful source of ions.; Lithified sediments may subsequently 
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have been eroded and incorporated into neighbouring sediments as 
intraclasts. Local clusters of cemented grains (intraclasts) are more 
common than cemented crusts• 
All Type 1 cements are interpreted as representing marine phreatic 
environments. 
7 .1. 1. Fibrous Fringing Cements 
This fibrous cement forms isopachous rims up to 50pm thick around 
grain margins or completely fills intergrain pore space, most commonly 
between ooids• The cement around any single grain thickens from point 
of contact with adjacent grains into pore spaces• The cement layer is 
generally one layer thick• Cement rims with competitive boundaries 
filling pore space commonly coat isopachous fringing cements (Fig 7•1)• 
These outer cements tend to have retained their fibrous appearance and 
are relatively free of inclusions. Acicular to columnar crystals 2-3pm 
wide, <SOpm long and smaller acicular crystals make up these cements• 
Long axes are perpendicular to the substrate and crystals have square 
ended or triangular terminations• 
Under crossed polars, the crystals have unit extinction parallel 
to the long axes. Since most of the cements coat spheroidal grains and 
therefore convex surfaces, they have a ~adial fibrous appearance with 
extinction swinging from one crystal to another. This geometry results 
from the development of compromise boundaries which form as cements 
from adjacent grains meet• These boundaries extend as approximately 
straight lines between grain-grain contacts into neighbouring pores 
producing a polygonal pattern• The cements are non-ferroan and non-
fibrous calc 
compromise boundaries 
competitive growth of radial calcite 
causes polygonal boundaries 
(0..) 
Fig 7.1 Fringing cements: isopachous fib rous calcite cement (mar ine ) 
around grains exhibiting polygona l boundari es (MF2.1 ) PPL 
245 
luminescent under cathodoluminescence. 
Non-isopachous columnar crystals also form competitive boundaries 
filling ostracod shells. Crystals, <lOpm wide and up to 80pm long are 
either parallel sided or thicken towards the centre of the ostracod 
shell.; Ostracod shells were partially or totally filled with cement 
prior to compaction or breakage• Neomorphism to micrite may partially 
mask the original form of calcite crystallisation. 
Discussion 
The fibrous appearance of the cement and the occurrence of 
polygonal cement boundaries or sutures favour a marine phreatic origin 
(Longman, 1980).; For reasons described above, modern marine cements are 
typically fibrous, composed of aragonite or high magnesium calcite. 
Polygonal boundaries in modern sediments formed by the interference of 
high magnesium calcite, fringing fibrous cements, have been described 
by Shinn, (1975) Mazzullo and Cys, V977). Competitive cement boundaries 
are well developed in recent acicular aragonite cements around ooids 
from the Yellow Bank, Bahamas (Halley, Harris and Hine, 1983).; They are 
also known from ancient sediments. Longman, (1980) records cements 
developed in the Jurassic Smackover Formation, Louisiana. Compromise 
boundaries may develop from isopachous bladed calcite cements which 
have precipitated under meteoric phreatic conditions• These cements, 
documented from the Joulters Cays oolite have been described by Halley 
and Harris (1979) and Longman (1980). 
7.;1.;2 Equant Fringing Cements 
These fringing cements comprise equant calcite crystals. Cement 
rims may be isopachous (2a), non-isopachous (2b) or compaction cement 
rim boundaries (2c). 
246 
7.;1.;2.; i) Equant Isopachous Calcite Rims 
Type 2a calcite cement rims are typically 20yms to 40yms thick.; 
Low magnesium calcite rims are commonly composed of a layer of single 
crystals, with a jagged outer edge.; They do not overgrow other cements• 
These calcite rims coat ooids or coarse grained bioclasts and line 
fenestral vugs.; These· cements may form coats around grains which are 
subsequently dissolved out. Calcite crystals grow on. micrite or 
microcrystalline calcite substrate and have unit extinction• If these 
crystals rim larger pores they tend to be succeeded by larger 
poikilotopic calcite. This is generally the case in fenestral vugs; 
however, thin rims of early cement may be overlain locally by internal 
peloidal sediment prior to fillings of coarse calcite spar. The coarser 
calcite crystals tend to grow syntaxially on echinoderm fragments• In 
smaller pores, the thin calcite rims may coalesce to fill the pore 
space with a drusy or equigranular mosaic• These cements are non-
ferroan calcite cements. 
7.;1.2• ii) ~ 2b Non-isopachous Equant Fringing Cements 
Type 2b cements are similar in petrography to those of Type 2a, 
but they have a non-isopachous distribution up to 50pms thick at grain 
contacts (Fig 7•2)• They typically occur at or close to grain contacts• 
The cement surface may be convex towards grain contacts, producing a 
meniscus effect. This type of cement distribution is very rare, 
occurring at bioclast, peloid or ooid point contacts. 
Discussion 
A near surface origin for this equant calcite cement is indicated 
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Fj 1.2 
(C) 
non-lsopachous equant calcite. 
0.2S.. ... 
Fig 7.2 Non-isopachous equant calcite cements: 
a) concentrated at grain contacts, meniscus appearance typical of vadose 
pores (MF2.3) XPL 
b) irregular grain coats in cavity adjacent to pillar stromatolite 
micritic envelopes to grains possibly caused by boring ofendolithic 
algae (MF2.4) PPL 0 .:33mrn 
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by its precompactional, grain fringing distribution.; Equant, low 
magnesium calcite cements are typical products of the meteoric phreatic 
diagenetic environment (Land, 1970; Halley and Harris, 1979; Longman, 
1980).; The Type 2a cements observed are similar to those illustrated by 
Halley and Harris, (1979) and the 'even style' meteoric cementation of 
Dunham (1971).; Continued cementation may lead to the development of 
drusy mosaics as has been described from ancient examples of blocky 
meteoric cement. (Friedman and Kolesar, 1971; Muller, 1971; Bathurst, 
1975; Longman, 1980) 
Type 2b cements are less evenly distributed. 'Uneven style' 
meteoric cements were described as forming in pores within vadose 
conditions (Dunham, 1971).; At or near grain contacts, water is held by 
capillarity in a water-air meniscus.; Recent meteoric meniscus cements 
are described by Schroeder (1973) growing on marine fibrous cements and 
by Scholle (1978) within dune sands.; Meniscus cements are less commonly 
found in ancient rocks as they are masked by later cementation.; In 
these Livian cements, later spar cements are distinguished by their 
coarse grain size and pore filling distribution. 
These cements are characterised by low Mg2+ and low Fe2+ contents. 
The trace element composition of freshwater cements formed at shallow 
depths is controlled by temperature, Eh, pH and the distribution 
coefficients of the precipitating waters. In well oxygenated 
groundwaters, ferric ions are common and thus iron is not incorporated 
into the cements.; 
In all the Livian cements, the levels of magnesium, iron and 
manganese are all extremely low.; Early meteoric cements are most 
?Ll 0 
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commonly observed where poikilotopic syntaxial overgrowths from 
echinoderm fragments occur. These syntaxial overgrowths clearly 
postdate initial meteoric fringing cements but may compete with early 
meteoric fringing cements.; No dripstone or gravitational textures have 
been observed within the meteoric cements of the Livian Formation.; 
Equant, Compaction Boundaries 
Isopachous layers of cement 20-SO)lm thick of equant to rhombic 
crystals surround radial ooids (Fig 7.;3).; These calcite crystals have 
commonly grown in optical continuity with acicular calcit~ crystals of 
the substrate ooids.; Micritic coats and peloids are absen t• The 
cemented radial ooids now have straight outlines, producing a diamond 
shaped pattern.; This texture occurs only in the V3aoc in the 
northeastern Namur region, close to the Brabant :Hassif. The sediments 
are interpreted as marginal marine and may therefore have been exposed, 
although there is no strong evidence to support this. 
Discussion 
The Type 2c cements between these ooids have a similar petrography 
to Type 2a and are therefore thought to have formed from meteoric 
phreatic waters.; The fringing cements were probably produced soon after 
deposition, before significant burial as the oolitic sediments were 
affected by fresh water. 
At low stands of sea level, marginal marine sediments and shoals 
on shallow marine platforms may have become exposed, whilst the 
slightly deeper marine sediments remained submerged.; Under these 
conditions, shoal sediments may have been flushed with meteoric water• 
The absence of intense leaching suggests a lack of aragonite and early 
marine cementation or arid climate. However, other evidence has 
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Fig 7•3 Compaction of isopachous equant calcite cement rimmed ooids (MF2.3) 
exhibit concavo-convex sutures and polygonal calci te cement 
boundaries PPL o .25mm 
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suggested a more humid climate• In uncemented sediments either at or 
below the exposure surface, there may have been some degree of 'vadose 
compaction' (Clark, 1979) which caused overpacking of grains and 
reduced intergranular porosity• Chemically controlled dissolution of 
ooids at grain contacts may have occurred soon after deposition but 
before significant burial• Dunham (1969) noted that in recent 
beachrock, despite the absence of overburden, grains were corroded and 
fitted together at their contacts with a significant reduction in 
porosity. He proposed that localisation of vadose wa~er at grain 
contacts could be responsible for grain dissolution. This texture has 
been interpr~ted as a part of a beachrock, in the Permian sediments of 
New :t-lexico (Clark, 1979). Bathurst (1975) has recorded that if two, 
isotropic, isomineralic spheres are in contact under load as pressure 
solution progresses, the contacts may become plane surfaces gradually 
altering spheres into polyhedra. 
It is thought unlikely that the cement fringe could have been 
produced by pressure solution, as there is no obvious explanation for 
dissolving away the ooid and not the cement. Coating cements are more 
difficult to identify around radial ooids• 
7 .1.3 ~ 1 Bladed Fringing Cements 
Bladed cements are not important volumetrically. They occur as 
cavity fills most commonly in corals, heterocorals and brachiopod 
spines (Fig 7.4)• They form isopachous rims up to SOpm· thick. Coarse 
calcite crystals are 20ym wide and SOym long with triangular to 
rhombic terminations. They are colourless in plane polarised light and 
may contain inclusions. Under cross polars, the crystals have unit 
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~--1-- calcite growth within coral skeleton 
bladed calcite spar 
particuDarly in corals 
shields It from compaction 
o.~ 
Fig 7.4~JBladed calcite cement coating internal structure of coral bioclast 
centre filled with bioclastic sediment (MFl.l) XPL 
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extinction, parallel to the crystal long axes.; These crystals are often 
in optical continuity with skeletal fragments i.;e. coral skeletons, 
brachiopod spines on which they grow, and less commonly with more 
equant pore filling cement. They tend to occur only in pores which do 
not contain peloidal cements. 
Discussion 
Recent bladed cements of high magnesium calcite commonly occur in 
reefs within the active marine phreatic zone (Ginsburg et al., 1971; 
Friedman et al.;, 1974; James et alo, 1976).; Bladed cements may be 
formed in the saturated freshwater zone (Longman, 1980) but these are 
commonly associated with coarsening spar cements which have not been 
observed in these sediments.; They are associated with magnesium calcite 
peloidal cements. These documented cements were commonly isopachous.; 
Cements are precipitated in primary cavities between and within 
framework and other skeletons. Bladed calcite cements are typical of 
modern beachrocks and subtidal carbonates.; 
7.1.4 Micritic Fringing Cements 
7.1.;4 i) ~ 4a Isopachous Micritic Coats 
Micritic cement coats occur rarely and may be difficult to 
distinguish from micritic envelopes (Fig 7.;5).; An isopachous rim 10-
20ym thick of very finely crystalline micrite coats the outside of 
grains.; It is assumed that micritic envelopes have an irregular inside 
edge, whereas cement coats have an irregular outside edge.; Commonly 
grains around which micritic coats have formed have been leached out 
subsequently. Remnant micritic cement coats may be broken. 
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radial-concentric ooids 
lntergranular micrite 
micrite between ooids 
prevents stylolite contacts 
Fig 7~5 Micritic cements surrounding bioclasts (MFl.l). Some original 
bioclasts, presumably aragonite, now replaced by calcite spar 
Some bioclasts altered to micrite by bioerosion PPL 
O.:Lmm 
b t Ooids. Where micrite is absent peloids have Fig 7.6 (.o.JMicritic cement e ween 
stylolitic contacts PPL 
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~ ii) ~ 4b Non-Isopachous Micritic Cement 
Locall~ micrite cement occurs between grains binding them together 
into grapestones and aggregates. The micritic cement is concentrated at 
grain boundaries, convex towards grain contacts i•e• having a meniscus 
shaped appearance (Fig 7.6). In cases where this cement forms 
intraclasts, it sh~e.ld..s grains within the intraclast from compaction 
whereas other components within the sediment may have pressure solution 
boundaries. The micritic cement may be overgrown by fibrous or equant 
calcite spar cement• No earlier formation of cement is viiible beneath 
micritic cement. 
Discussion 
These cements clearly formed early, in a precompactional 
environment. Type 4a cements are thought to represent cementation 
within the marine phreatic zone, Type 4b within the marine vadose 
environment. Type 4 cements may be associated with interpreted 
dissolution features indicating that the environment may have been 
influenced by non marine waters• Freshwater could have been introduced 
into marine sediments following the emergence of overlying sediments• 
Micritic cements are commonly associated with active marine 
phreatic environments, (Longman, 1980)• They may be of magnesium 
calcite mineralogy (Alexandersson, 1972; James et al., 1976) or 
aragonite (Bricker, 1971)• They tend to form isopachous crusts on 
grains. 
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7.;2 Non Fringing Cements 
There are several types of cement which have also developed early 
within the sediments during diagenesis. These are discussed under the 
headings peloidal micritic, radial fibrous and fascicular-optic 
cements.; 
7o2ol Peloidal Micritic Cements 
Peloidal micrite comprises remarkably well sorted, up to silt 
sized aggregates (peloids) of calcite crystals. The diameter of these 
peloids ranges from 20-60pms. They are typically spheroidal, locally 
ovoid. Peloids are clearly defined; their dark brown micritic centres 
become paler towards the outer edges of crystal aggregates in plane 
polarised light. Scanning electron microscopy shows up a corresponding 
increase in crystal grain size from the inside to the outside of 
peloids of subequant crystal clusters.; Peloidal micrite can be 
identified clearly within MFl and MF2 sediments.; Amongst skeletal 
grainstones, an abundance of peloids may create a diagenetic packstone 
texture• Peloidal textures are best developed in cavities within patch 
reefs or skeletal debris. 
They are well developed when associated with microbial organisms 
and stromatolites. Peloids seem to inhibit the growth of early fibrous 
cement (Fig 7. 7). 
It is difficult to differentiate between internal sediment and an 
early calcite precipitate. Nicritic magnesium calcites are known to 
form as a marine cement (Longman, 1980). Only rarely is skeletal debris 
observed amongst the peloidal sediment to suggest its non-precipitate 
origin• Fine grained peloids may form only partial pore fills, the 
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radial fibrous/fascicular optic calcite 
most commonly developed between stromatolite laminae 
Fig 7.7~ Cavity rimmed by radial fibrous calcite cement, overlain by micritic 
peloids and coarse equant calcite spar PPL ( MF.l.4) Q.33"'m 
Fig 7•7b Inclusion-rich radial fibrous calcite l ining cavity, overgrown by 
inclusion-poor spar PPL 
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remainder of the pore is occluded by a coarse calcite spar• The contact 
between calcite spar and micritic peloids is generally flat and may 
have a similar orientation in all cavities across one thin section• 
These may be geopetal sediments. 
Magnesium calcite cement commonly occurs in the form of micrite 
(Longman, 1980). Magnesium calcite clusters may produce a peloidal 
texture. These textures are common in shallow submarine cemented reef 
rocks (Land and Goreau, 1970; Macintyre, 1977), marine phreatic 
beachrocks (Moore, 1977), between grains and as geopetal infillings in 
- . 
the Arabian Gulf (Shinn, 1969). A fine grained peloidal matrix is 
common in many submarine limestones, although it tends to be restricted 
to shallow marine limestones. 
Peloids may be attributed to faecal pellets and/or calcified algal 
filament origins (Schroeder, 1972; Ginsburg and Schroeder, 1973; 
Friedman et al., 1974). It has been suggested that cryptic organisms 
pelleted the fine grain sized magnesium calcite precipitate which had 
settled within a reef framework (Land and Moore, (1980), but Macintyre 
(1985) suspected that these organisms would have been unable to form 
pellets. Peloids may be the replacement of faecal pellets or 
precipitated calcite clots (Taylor and Illing, 1969; Shinn, 1969). 
Alexandersson (1972) suggested that peloids are an intermediate stage 
of development of an advancing front of microcrystalline magnesium 
calcite cement i•e· after nucleation, the peloids increase in size at 
the leading edge of the magnesium calcite depositional surface and 
coalesce to form a uniform fabric. 
Two phase crystal development, i•e• the initial precipitation of 
submicrocrystalline peloidal cements and coarser microcrystalline 
dentate rims is observed, even between densely packed peloids• The 
gradual increase in constituent crystal size has been noted in recent 
and ancient sediments (Land and Goreau, 1970; Macintyre, 1977) and 
explained as a part of the lithification process responsible for 
precipitating magnesium calcite. Recent micritic peloidal sediment has 
chemical characteristics similar to crystal cements: James et al• 
(1976) and Land and Moore (1980) concluded that peloids are a form of 
precipitated magnesium calcite. 
Many recent fine grained peloids occur in skeletal pores in a 
similar distribution to those described by Lighty (1985) and Macintyre 
(1985). These recent studies documented that peloids form as the 
dominant early cement with shell debris in pores which remain open to 
marine circulation. Macintyre (1985) suggested that they may have a 
facies related distribution in areas of high skeletal porosity, low 
sedimentation rate and good water movement. They commonly occur within 
a clear spar calcite cement and it is possible that peloids 
precipitated out of marine pore water. 
Unless they developed in slightly protected environments, it is 
unlikely that they would be preserved• Macintyre (1985) concluded that 
peloidal textures are produced by chemical processes which cause 
repeated nucleation around centres of growth. He suggested that the 
shape, size and isolated sites of deposition are evidence for a 
chemical origin for these peloids. 
Micritic envelopes are another expression of early marine 
diagenesis.; Micritisation by boring algae and fungi is an important 
process in these sediments and accounts for the destruction of many 
sedimentary details. It is thought to be an important process in the 
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stagnant marine phreatic zone, although it is known in active phreatic 
waters (Longman, 1980). Most micritisation occurs near the 
sediment/water interface (Kobluk and Risk, 1977), but may occur more 
than a metre be low this interface (May and Perkins, 19 79 ). The 
resultant textures of this micritisation have been described in section 
5.;3,;1. 
7.2.2 Fibrous Cements 
Non fringing fibrous cements occur as an early cement in 
stromatolite bioherms and the patch reef, lining large cavities prior 
to the deposition of geopetal sediment, filling smaller cavities, 
unbroken shells and developing on algally coated bryozoan fenestrules.; 
Botryoidal cements tend to form in larger cavities. Two distinct types 
of fibrous cement are present: i) radial fibrous calcite and ii) 
fascicular-optic calcite.; These may be closely assoiated. Fascicular-
optic cement is most commonly developed between stromatolite and oncoid 
laminae.; 
7.;2.;2.; i) Radial Fibrous Calcite 
Description 
Radial fibrous calcite cemen~s form continuous isopachous to 
discontinuous and non-isopachous linings around cavities (Fig 7.8a,b). 
In reef cavities they bear no relation to gravity, thickening randomly 
around the edges. These fibrous cements are commonly botryoidal in 
appearance up to SOOym in radius. They are a beige-brown colour in 
transmitted light and are typically inclusion rich. The colour may be 
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Fig 7•8 Radial fibrous calcite forming botryoids in a stromatolitic cavity 
XPL 0 . 2.5 Mrn 
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due partially to the number of inclusions present in the cement layer: 
the paler the colour of the cement, the fewer inclusions there are 
present. 
Each botryoid comprises a number of crystals, which are generally 
wedge shaped. Wedges have planar to jagged competitive boundaries with 
neighbouring crystals and may be up to 250ym wide, widening away from 
the substrate.; The cx-'fs!:a.l bcw.vi;! pattern) within the botryoid) is thought to 
be due to competitive growth of botryoids which nucleated too close to 
each other.; This cement type commonly develops around peloids at the 
base of the cement where it is spherulitic in texture.; Subcrystals may 
contain inclusions resembling elongate fibres.; Clear-pale inclusions, 
<2fm wide tend to be elongate, <lOJm long and lineated, about 20_pm 
apart. Dark brown, broader inclusions also occur• The c-axis direction 
of fibres is parallel to the inclusion lineation direction and these c-
axes therefore diverge from the substrate within botryoids. Each fibre 
or lineation direction exhibits unit extinction, thus crystals have a 
sweeping extinction.; It is difficult to identify any shape to the fibre 
terminations within botryoids. Inclusions may mark pointed terminations 
to individual fibres. Inclusions tend to define crystal length rather 
than act as growth lines. Inclusions commonly decrease in abundance 
towards the outer edge of cement layers.; Clear to very pale, inclusion 
free lines occur. These are bright orange in CL.; Twin planes within 
crystals are planar• 
Scanning electron microscopy with EDAX across these large 
botryoidal crystals with locally abundant, well developed fibres do not 
indicate the presence of any Sr2+ and Mg 2+ rich mineral phases 
associated with the inclusions. Many of the larger irregular inclusions 
are brown and may be remnants of organic matter that were trapped 
between and within fibres as the calcite grew, whilst smaller clear 
inclusions remain unidentified and may contain fluid (Fig 7.;9a,b,c). 
These fibrous cements have a dull orange to non-luminescent 
character under cathodoluminescence.; Inclusions within them have a red-
orange luminescence. 
Cement layers may be overlain by peloidal micrite,; These cements 
precipitated earlier than or at the same time as geopetal peloidal 
micrite sediment. Cavity lining fibrous cements are generally thinner 
where they are overlain by geopetal sediments• These cements may 
develop on micritic sediment: where the cement developed around 
peloids, it is spherulitic in texture (Fig 7.8). This may have provided 
a 'false' substrate for subequant coarser cements, encouraging a radial 
fibrous cement to continue to precipitate. Within cavities, radial 
fibrous cements are common and are overgrown by clear, spar calcite 
cement (Fig 7.;7),; This may be bladed to equant in habit and be 
continuous with the first spar cement around the cavity,; It is not 
possible for the equant crystals to grow syntaxially, although 
extinction patterns are similar. The change in cements represent a 
change from undulose to unit extinction. 
7•2•2• ii) Fascicular-Optic Fibrous Cement 
These cements are superficially similar in appearance to the 
radial fibrous cements described above.; They occur in stromatolites and 
oncoids as multiple, isopachous layers, or they may line cavities in 
the patch reef. Certain cement layers may be sufficiently coarse to be 
recognisable in the field (Fig• 4.13). Cement layers may occur at the 
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Fig 7.9 S•E•M photographs: wedge shaped fascicular-optic calcite 
crystals with linear inclusions (MF2.4}. patchy silica 
replacements 
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same horizon in a variety of localities within the Namur region• 
Fibrous cements of the Livian Formation occur in two types of 
sediment; patch reef cavities and stromatolites. As an early void 
filling cement in the patch reef it is possible that these cements are 
marine in origin• None of the fibrous cements show gravitational or 
meniscus textures. They are pre- or penecontemporaneous with internal 
sedimentation and probably developed whilst marine water was still 
actively circulating in reef pores in the phreatic zone• Many examples 
of modern submarine aragonite botryoids have been documented; others 
interpreted them from ancient cements (Schroeder, 1972, 1973; James et 
al., 1976; Mazzullo and Cys, 1979; Mazzullo, 1980). 
Fascicular-optic calcite cement commonly develops from peloids 
into spheroids and then botryoids. These cement layers tend to have a 
botryoidal surface appearance. Each botryoid is composed of wedge 
shaped to equant crystals (Fig 7.10). There may be a progressive 
increase in crystal size away from the substrate, or large crystals may 
grow directly against the substrate.o The distinctive feature of 
fascicular-optic calcite is its crystal structure• Intercrystalline 
boundaries are not planar; their sides tend to be jagged, possibly 
recording the competitive growth of botryoids. The cleavage and twin 
planes within the crystals are curved producing undulose extinction 
within crystals (Fig 7.10). Curvature of twin planes is concave away 
from the substrate and specific to each individual crystal. The amount 
of curvature varies between cement layers. Extinction is not 
necessarily continuous between crystals whether they are wedges within 
a botryoid or equant crystals• The name fascicular-optic calcite was 
given to this type of calcite cement by Kendall (1977)• 
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0.25 ....... 
Fig 7.10 Fascicular-optic calcite cement, exhibiting curved cleavage planes 
form on peloids at base forming spherulites (MF2.4) PPL 
0.25m ... 
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Inclusions are abundant in certain cements: within a crystal they 
may be randomly oriented or linearly distributed giving the appearance 
of elongate crystals, each diverging from a common origin at the 
substrate boundary. Clear, radial, linearly arranged inclusions <2ym 
wide, may be elongate 1-lOym long, orientated perpendicular to the 
substrate. Inclusion patterns may give each crystal a radial fibrous 
appearance but the lineations are not always continuous between 
adjacent crystals• The crystal fast vibration directions diverge away 
from the substrate. As in radial fibrous calcite, inclusion free, thin 
clear to pale coloured lines, possibly fibres, occur lying 
perpendicular to the substrate. These cements are dull to non-
luminescent under cathodoluminescence. The few clear, acicular fibres 
are bright orange• 
At the top of a cement layer it is difficult to ascertain any 
crystal shape at the terminations of the pale brown crystals. They are 
usually ragged terminations but some square-ended crystals occur. 
Inclusion rich crystals are commonly overgrown, in optical continuity, 
by inclusion free calcite which has clearly defined rhombic 
terminations. The boundaries between these clear spar crystals are 
more regular than between other crystals. Overlying, clear, equant 
crystals of second generation are commonly in lattice continuity with 
the underlying crystals producing a change from undulose to unit 
extinction. 
This cement, o.25-3mm thick, occurs between stromatolite laminae 
and seems to have grown into and displaced micritic laminae more 
frequently than it has grown over or through them• Cement crystals have 
not grown in optical continuity either side of laminae. Small hollows 
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within the cement layer have formed possibly through dissolution or 
boring and have later been filled with a combination of internal 
sediment and equant calcite spar• 
Discussion 
Fibrous calcites with unusual optics have been described from a 
variety of sources• Radiaxial fibrous calcite is widely distributed as 
a space filler, commonly followed by a second generation sparry calcite 
cement with equant rhombohedral habit (Bathurst, 1975)• There are many 
occurrences of radiaxial fibrous calcites in the cavities of ancient 
Palaeozoic reefs and mud mounds (Bathurst, 1959; Kendall and Tucker, 
1973; Davies, 1977; Krebs, 1969). Fascicular-optic calcite is also 
found as a void filling: it is similar to radiaxial fibrous calcite and 
is commonly associated with it (Kendall, 1977; Chafetz, 1979; Marshall, 
1981)• However, in the Livian Formation in Belgium, radiaxial fibrous 
calcite is noticeably absent; fascicular-optic calcite is associated 
only with radial fibrous cements• 
Radial fibrous and radiaxial fibrous cements may indicate 
different origins and diagenetic regimes (Bathurst, 1975)• Kendall 
(1985) reinterpreted these complex cements as primary features of 
diagenesis. Prior to this, these fibrous calcites were considered to 
represent the replacement of acicular marine cements of either 
aragonite or high magnesium calcite composition (Kendall and Tucker, 
1973; Kendall, 1977; Davies, 1977; Assereto and Kendall, 1977; Chafetz, 
1979; Mazzullo and Cys, 1979; Mazzullo, 1980)• Palaeozoic examples are 
moderately well documented• Radiaxial fibrous calcite and fascicular 
optic calcite cements are less well known in Recent sediments• 
Sandberg (1975, 1985) has shown that there is no strong evidence 
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for pseudomorphic replacement of aragonite by calcite. Aragonite is 
usually replaced by a solution-reprecipitation process which destroys 
the original crystal fabric. Stabilisation of high magnesium calcite to 
low magnesium calcite is well documented (Bathurst, 1975; Wilkinson et 
al.;, 1985) and results in good fabric retention.; Unaltered radiaxial 
fibrous calcite and fascicular-optic calcite cements with other 
features presumed to be indicative of a replacement origin have been 
observed in association with unaltered aragonite cement and skeletal 
grains in Pleistocene limestones of Japan (Sandberg, 1985). In 
conjunction with Kendall (1985) reinterpretation of these complex 
fibrous cements, it is most likely that they are primary cements. 
Botryoidal cements have commonly been described from modern reefs, 
but the crystal habits and fabrics need not be indicative of a 
particular mineralogy (Schroeder, 1973).; Cements of high magnesium 
calcite composition occur in Bermuda (Shinn 1969; Schroeder 1972); 
Jamaica (Goreau and Land, 1974) and Belize (James et al.;, 1975).; Marine 
aragonite botryoidal cements are apparently similar in shape, texture 
and fabric to cavity filling cements of Palaeozoic reef limestones 
(Ginsburg and James, 1976). Botryoidal cements may also precipitate 
from non-marine waters (Aissaoui, 1985). 
It was suggested that the presence of microdolomite inclusions 
might indicate the replacement from primary magnesium calcite cements 
in a closed diagenetic system (Lohmann and Meyers, 1977),; 
Interpretations of high magnesium calcite precursors can be made in the 
absence of microdolomite, assuming an open diagenetic system. Until 
recently, it was proposed that the presence of linearly arranged 
elongate inclusions recorded fo~mer acicular crystals (Braithwaite, 
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1979) or primary inclusion fabrics which indicated calcite 
precipitation on surfaces which grew together before an acicular 
crystal fabric could develop (Kendall and Broughton, 1978). 
Irregular intercrystalline boundaries were interpreted as records 
of neomorphism (Kendall and Tucker, 1973). However, these boundaries 
may be produced by competitve growth in adjacent crystals. Non-planar 
boundaries were documented in composite crystals of speleothem calcite 
(Kendall and Broughton, 1978). Competitive growth boundaries seems to 
be an acceptable explanation for radial fibrous cements where the 
boundaries are long edges of wedge shaped crystals• 
Studies of the trace element mineralogy and s.E.M have been of 
little aid in determining the original mineralogies. Probe analyses 
show that cements have a low magnesium calcite mineralogy (Appendix D). 
The electron microprobe showed very low quantites of Mg 2+ l<'ith 
extremely low to negligible Sr2+. EDAX, in combination with the S.E.M. 
showed the presence of Sr 2+ in two inclusions• No microdolomite 
inclusions were observed• 
By comparison with Kendall (1985) the fabrics of the observed 
fibrous calcites may be primary i.e. the original calcite cement. The 
abundance of fibres and inclusions indicating a fibrous botryoid 
precursor therefore suggests the possibility of originally high 
magnesium calcite. However, since Carboniferous sea water had a 
different composition, they could have been precipitated as low 
magnesium calcite• If they were originally high magnesium calcite, 
these fascicular-optic calcite cements have since stabilised as low 
magnesium calcite• The inclusion distribution may record various phases 
of growth. The lack of microdolomite remnants of high magnesium calcite 
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can be explained by an open system diagenesis• 
Initial cementation may have been initiated within mm's of the 
stromatolite growing surface• Neomorphism to coarser calcite crystals 
may have occurred under the influence of freshwater in shallow burial 
conditions (Mazzullo, 1980) 
7.2.3 Stable Isotope Studies 
A very limited number of isolated components, in par-ticular the 
fibrous calcites were analysed for their carbon and oxygen stable 
isotope values (Appendix C). Stable isoptope analyses were undertaken 
for particular, small quantities of cements in order to determine more 
evidence for the original water of precipitation, since early cements 
in stromatolites may form from a variety of marine or meteoric waters• 
In general it is assumed that the oxygen isotopic composition of a 
carbonate precipitated from water depends on the isotopic composition 
of the water and on the temperature (Hudson, 1977). Rainwater 
evaporated from the sea becomes relatively depleted in the heavier 18o 
isotope, increasingly so at higher latitudes and altitudes. Near 
surface groundwaters have a similar composition to rain. Deep formation 
waters may undergo a complex evolution and show a wide isotopic range• 
Strong evaporation, such as a sabkha environment may produce ~ 18 o 
enrichment in the residual fluid• 
The two main sources of sedimentary carbon are carbonates 
(613c=O) and organic matter (S13 c=-24). The relatively light values for 
organic matter may be due to the effects of photosynthesis• 
Studies ofthe isotopic composition of Recent sediments suggest that 
" 
cements precipitated from seawater will have a low positive 613c and a 
low negative 618o value; those precipitated from freshwater will have 
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negative b13 c and ~ 18 o, because the cement is enriched with 
isotopically light organic 12c and 16o. Cements from burial diagenesis, 
presumed to have been precipitated from meteoric water at high 
temperatures tend to have negative 618o but may retain their marine 
$13 c isotopic values• In this study solid carbonate b18o and &13c 
values are given on the PDB scale (Friedman and O'Neil, 1977).; 
The isotope ratios of marine water are thought to have varied 
through time. Veizer and Hoefs 0976) provided a useful compilation, 
showing seawater variations in 518o and 813 c of ancient carbonates from 
the Archean to the Tertiary. They interpret Carboniferous limestones as 
having 618o from 0'7 .. to -13%. PDB and S13 c from +5%. to -5%. PDB. The 
ranges are taken from whole rock data with no account of the variable 
proportion of depositional and diagenetic components.; Other attempts 
have been made to define Carboniferous marine depositional carbonates 
and thus ancient seawater (e.g. Dickson and Coleman, 1980; Brand and 
Veizer, 1981; Brand, 1981, 1982) 
Brand (1982) reported data for Mississippian low magnesium calcite 
brachiopods which he assumed to have been precipitated in isotopic 
equilibrium with ambient seawater• In conjunction with data provided by 
Lowenstam, (1961), Dickson and Coleman, (1980), Brand and Veizer, 
(1981) and Brand (1981) he proposed that the oxygen and carbonate field 
for Carboniferous marine carbonates might be: 
518 0 = +5'7.., to -3.5'7ccPDB 
& 13 C = +4.5%. to 0'7 .. PDB. 
He also proposed that Carboniferous seawater values should be: 
~ 18o = -1.5 ±2'7 .. PDB 
S13 c = +2•6 ±2'7 .. PDB 
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During diagenesis, solution of metastable carbonate phases in contact 
with groundwater may release chemical constituents.; The original 
isotopic values may be mixed with those of ground water to a greater or 
lesser degree depending on the ratio of the constituents involved; 
water:rock ratio or solute index (Veizer, 1983).; The resultant mixed 
components may then be incorporated into a precipitate.; Once stable, a 
carbonate mineral is thought to retain its geochemical characteristics 
without change.; 
It is thought that any syndiagenetic calcium carbonate which is 
precipitated during algal photosynthesis should be 13c enriched .. because 
isotopically light 12 c is preferentially removed into the organic 
system leaving a 13 c enriched fluid (Lloyd, 1971). Subsequent decay 
during early diagenesis leads to the liberation of 12 c so that any 
carbonate precipitated may be isotopically light.; Superimposed on this 
there could be precipitation from relatively heavy lagoonal waters or 
from freshwater influx dominated by organic carbopn. 
Very light b13 c in algal carbonate fabrics may be due to 
fractionation or partial oxidation of isotopically light methane by 
bacteria. Methane may be derived during the decay of algal marsh. 
In summary, the oxygen isotope values obtained for fibrous cements 
(Table 7.;1, Fig 7.;11)) show depletion from the predicted Carboniferous 
seawater.; The carbon values are reasonably conformable to those 
predicted for Carboniferous seawater and carbonates.; Light oxygen 
isotopic compositions may be caused by early meteoric stabilisation of 
HMC to LMC or incomplete temperature dependent equilibrium 
recrystallisation during deep burial, closer to meteoric values.; 
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Carboniferous marine carbonate +4.5-0ioo +5- -3.5i.., 
Carboniferous seawater +2.6 ±2'7.. -1.5 ±27 ... 
reef cavity cements +2.1'7.. 
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fibrous layer cements: normal +2.2-2.4'7.. -5.3-
- 5o4ioo 
coarse o.5'7.. -a. 7'7.. 
Table 7.1 Summary of Isotope Values 
Bacterial influence in cementation might be expected to alter the 
carbon isotopic composition from that of a precipitate from normal 
marine water; however, carbon values are very similar to those 
predicted for the Carboniferous. The greatest variation from the 
predicted Carboniferous values occurs within the very coarse fibrous 
calcite cements. These are much lighter and may reflect microbial 
influences during precipitation or an altered isotopic composition 
during neomorphism• By comparison with Recent cement analyses, the 
carbon isotope values although light are not sufficiently light to 
suggest the involvement of organically produced carbon. Thus the coarse 
fibrous cements, although specific to microbial mats were probably 
precipitated from circulating marine waters• Monty and Hardie (1976) 
suggested that the carbon isotopic data gathered from typically 
freshwater mats and associated with muds often showed values typical of 
sediments formed in marine waters. 
Oxygen values are all depleted relative to that expected from the 
Carboniferous. The oxygen isotopic composition may reflect 
contamination through incomplete temperature dependent equilibrium 
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recrystallisation during deep burial~ The light oxygen values are 
interpreted as recording initially marine waters which have undergone 
subsequent stabilisation~ Assuming that the values for Carboniferous 
seawater are a reasonable estimate it is thought that the Livian 
cements probably precipitated from percolating marine water near to the 
surface of microbial mats. The oxygen isotopes may have altered on 
burial.; 
This isotope information can be combined with point analyses from 
electron microprobe to give more information about the cements. 
Concentrations of Fe 2+, Mn 2+ and Sr2+ in all of the ceme~ts analysed 
are low to negligible~ The distribution of trace elements in carbonate 
minerals is related to the concentration of elements in the parent 
water, the mineralogy of the precipitating phase and the distribution 
coefficient. The concentration of ferrous ions in seawater is low, but 
in reducing (burial) environments ferrous ions may be more are common 
in solution; thus marine calcites are generally Fe 2+ poor whereas 
burial diagenetic calcites may be Fe 2+ rich• It seems that ~n this 
Carboniferous pore water system, there was little iron available, 
resulting in Fe2+ poor cements.; 
7.;.3 Calcite Spar 
Blocky calcite spar cements are volumetrically important in the 
sediments of the Livian Formation. They fill pores and cavities in the 
patch reef and stromatolites, inter- and intragranular bioclast 
cavities and moulds. A coarse spar occludes most of the pore space 
remaining after early cementation. Much of this spar cement postdates 
early cements and compaction features, filling cracks in broken grains 
or cements~ The cement is clear and comprises large, equigranular, 
inclusion free crystals which create a uniform to drusy fabric i.e. the 
crystal size increases towards the centre of the pore~ Earlier phases 
of cementation tend to precipitate fine to medium crystals of equant 
calcite spar cement with irregular crystal boundaries around the edge 
of a pore. They are overlain by a very coarsely crystalline equant 
calcite spar cement with well defined linear crystal boundarie~ 
Crystal boundaries are planar and smaller crystals are typically 
equant. It is a non ferroan to slightly ferroan calcite spar. Slightly 
ferroan rich calcite zones occur towards the centre of larger pores. 
This spar cement is widely developed in MFl, less abundant in the less 
porous MF2. In the absence of early fibrous cements the calcite spar 
acts as a first generation precompaction cement. It is particularly 
common around and within corals• Grain-grain contacts and grain 
compaction are rare.; 
Elsewhere, coarse, clear, blocky spar, very similar in appearance 
occurs around compacted grains. Grains, in particular ooids, have 
microstylolitic contacts and bioclasts may be broken through 
compaction. Early broken spar cements are very rare, but whole and 
broken micrite envelopes developed around subsequently dissolved 
aragonite bioclasts do occur cemented by calcite spar. Calcite 
cementation over long periods results in crystal coarsening towards 
pore centres, producing an interlocking mosaic that fills pore space. 
There is commonly a bimodal population of calcite crystals in pores in 
which cementation has been able to occur over long periods probably in 
the phreatic or burial cementation zones.; 
Calcite spar is known to form under a variety of conditions 
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(Bricker, 1971). This· texture is observed in many ancient rocks 
(Bathurst, 1976; Jacka and Brand, 1977). Loucks (1977) suggested that 
coarsening of calcite crystals towards pore centres was a 
characteristic of early cementation in an active freshwater phreatic 
environment. Cements precipitated during later diagenesis are 
associated with subsurface ~~s and are commonly equant coarse 
grained, ferroan calcite spar, with poikilotopic textures (Meyers, 
1974; Grover and Read, 1978; Moore and Druckman, 1981).; In Livian 
sediments, spar cementation was initiated at different times. In the 
grainstones and packstones of MFl, cementation began prior to burial 
compaction and in larger pores continued into deeper burial realms.; 
Freshwater may have entered the environment of deposition in the supra-
or intertidal zone, through the displacement of marine waters. 
Diagenesis in the freshwater phreatic zone may have been complicated by 
the variability of the precipitating fluid. As fluid moves through the 
fresh phreatic zone it tends to become more saturated with respect to 
calcium carbonate.; Once sediment is buried below the fresh water table 
and comes into contact with shallow subsurface reducing fluids, calcite 
cementation occurs at a decreased rate.; Mn 2+ and Fe 2+ may substitute 
for ca2+ in irregular to equant calcite crystals if ions are present in 
pore waters. Changes in Mn and Fe compositions of subsurface fluids 
result in mineral zoning which may observed when cements are examined 
using CL petrography (Sommer, 1972; Meyers, 1974; Grover and Read, 
1978; Pierson, 1981).; 
Poikilotopic spar crystals are rare.; They tend to be associated 
with calcite syntaxial overgrowths on beresellid and echinoderm 
fragments (Fig 7.12). Echinotderm fragments typically have a 'dusty' 
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appearance because of micritic calcite filling their pore system.; Other 
adjacent bioclasts may have very thin isopachous coats of equant 
calcite which abut the syntaxial overgrowth.; Early cement rims and 
depositional grains are rarely compacted prior to the precipitation of 
syntaxial overgrowths, except in the case of ooids.; Ooids are commonly 
compacted between microstylolites.; These too may develop uniform or 
irregular fine crystal calcite coats under syntaxial overgrowths. 
These spar calcite cements and overgrowths under cathodo-
luminescence may have a very dull, uniform luminescence. Zoned 
luminescence patterns are extremely rare and no stratigraphy could be 
identified. Bright orange luminescence zones correspond to slightly 
ferroan calcite. Micritic areas tend to have a dull red-purple 
luminescence.; 
It seems that the calcite spar represents several phases of 
cementation: an early, pre-compactional cement from shallow, preburial 
diagenesis; post compaction cement enclosing fractured depositional 
grains.; Syntaxial overgrowths on beresellid and echinoderm fragments 
occur in close association with the spar cement.; The dominant equant 
crystal morphology and equigranular to drusy texture suggest a meteoric 
phreatic origin (Longman, 1980).; The post compactional cements probably 
formed in a burial diagenetic environment. Ferroan rich waters occur 
more commonly in burial environments, recording reducing conditions. 
There is a general lack of iron rich cements in the Livian reflecting a 
lack of iron in the system or oxidising conditions affecting the 
porewaters during initial cementation and subsequent stabilisation. 
Syntaxial overgrowths are a common mode of cementation in MFl.; 
They are the dominant form of cements in beresellid or echinoderm 
Fig 7.12 ~Echinoderm fragment, micritised around its edges, peloids possibly 
also micritised bioclasts, grains with thin irregular equant ,par. 
Syntaxial overgowth on echinoid, post early calcite cementation XPL 
(MF1.2.) o.,. 3i~~s ~' ~ler c:a.le& 8t~ ~ s~ CliA. Ed.u~ . 
relatively early 
reduces compaction between grains 
porosity fllltng calcite spar 
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bioclastic sediments• These syntaxial cements which have grown within 
the original or slightly compacted intergranular pores are of the 
passive cement fill type (Evamy and Shearman, 1965; Freeman, 1971; 
Bathurst , 1 9 7 5) They are u n 1 ike com p 1 ex d i s s o 1 u t i on - v o i d f i 11 
overgrowths described by Walkden and Berry (1984) or those of 
neomorphic origin (Bathurst, 1975). Syntaxial overgrowths are thought 
to develop most commonly within the meteoric phreatic system during 
diagenesis (Longman, 1980).; 
However, syntaxial overgrowths are known from meteoric vadose and 
burial environments and a show of hands at a conference in Liverpool 
(1984) indicated that many carbonate sedimentologists believed that 
syntaxial overgrowths could form in marine diagenetic environments 
although this is rarely observed in Recent sediments, because the 
chemistry of Carboniferous seawater was different to that of modern 
seawater• A post compaction origin for syntaxial overgrowths is assumed 
from their inclusion of fractured early cement rims. It has been shown 
that syntaxial overgrowths can develop at different times and in 
different diagenetic environments (Meyers, 1978; Meyers and Lohmann, 
1985). These authors have noted that cementation has produced a variety 
of zones which can be observed and correlated by use of 
cathodoluminescence. 
There is 1 itt le evidence within Li vi an sediments for the 
development of syntaxial overgrowths in a near surface environment. It 
is more likely that they began to develop early during burial and 
compaction of sediments. They form an important part of MFl bioclastic 
sediments it is likely that they prevented and retarded further grain-
grain compaction~ Meyers (1980) has documented similar meteoric derived 
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syntaxial overgrowths forming important post-compactional cements. 
Their similar petrography of coarse calcite cements and syntaxial 
overgrowths suggests a similar diagenetic environment for their 
development. The more finely crystalline, precompactional cements were 
probably initiated in a near surface meteoric environment and enlarged 
during burial by continued precipitation from burial meteoric 
porewaters. 
7.4 Dolomitisation 
D~lomite has a limited occurrence within the sediments of the 
Livian Formation. Much of the underlying V2a Formation is dolomitised• 
In the V2b, dolomitisation is rarely and only locally pervasive• 
Dolomite is most widespread within V2b0(. sediments in the north-west, 
between Namur and Moha. 
Dolomite occurs in three different forms: 
Type 1: individual, zoned dolomite rhombs 
Type 2: fine-grained, pervasive dolomite mosaic 
Type 3: coarse grained, baroque dolomite, 
7.4.1 Zoned Dolomite Rhombs 
---
Coarse, zoned dolomite crystals are rhombic, up to O.;Smm across 
(Fig 7•13a).; They tend to develop as well spaced individual crystals• 
This form of dolomite occurs within oolites and stromatolites. Zoned 
dolomite rhombs do not totally obscure the original sediment texture• 
Dolomite crystals may comprise 2-4 zones. Zones within rhombs are 
defined in plane polarised light as inclusion poor and inclusion rich 
zones. These inclusion patterns are also clearly defined by CL (Fig 
fi'j i-. I 3 (c...) 
zoned dolomite 
dolomite growth around ooids 
(and in micritic sediment ) 
may be partially dissolved 
Fig 7.13a Zoned dolomite rhombs, developed in fenestral micrite, truncated by 
cavities now filled by spar PPL (MF1 .5) 
Fig 7.13b Zoned dolomite showing truncation of zones into cavities under 
cathodoluminescence (Mr~ .3) 
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7.;13b).; The rhombs are luminescent under CL.; Inclusion poor dolomite 
zones luminesce orange and contrast with the more brightly luminescent 
orange-yellow inclusion rich zones. Inclusions may mimic the host 
sediment. Adjacent micrite substrate typically has a dull red-purple 
luminescence. 
In oolites, the outer zones of dolomite crystals may only be 
preserved where they replace ooids, whereas the inner zones of dolomite 
crystals may extend into an adjacent pore space.; 
Stromatolites and fenestral micrites may have required early 
cementation, commonly in a marina environment, to preserve their 
sedimentary textures. Vugs of fenestral micrite were subsequently 
enlarged by gradual percolation of fluids which may have been meteoric 
in origin, through the pore system• Dolomite crystals have be·en 
truncated around the edges of these enlarged vugs.; The vugs and 
truncated dolomite rhombs are lined by a delicate, non-isopachous 
fringe of finely crystalline equant calcite which is interpreted as 
having precipitated from meteoric waters, possibly in the vadose zone• 
The zoned nature of dolomites and their varied luminescence 
characteristics may indicate slow formation in slightly varying 
geochemical conditions which left each zone with different trace 
element characteristics. Fe2+ ions are absent from the central dolomite 
zones, though dolomite may become increasingly ferroan in outer zones. 
Thus, this type of dolomite is interpreted as having been initiated 
early in the diagenetic history of the sediment and continued during 
burial. The presence of Fe 2+ ions in dolomite rhombs which are 
subsequently dissolved and overgrown by meteoric cements may indicate 
that meteoric diagenesis occurred in the shallow subsurface, and 
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continued during burial. 
The method of dolomite formation is uncertain• Hypersaline 
conditions may have existed in the intertidal to supratidal zone• 
Hypersaline conditions or the precipitation of aragonite increases the 
Mg/Ca ratio enhancing dolomite precipitation in subtidal lagoons 
(Behrens and Land, 1972). This would be more likely to involve early, 
near surface diagenesis and may have caused nucleation of this type of 
dolomite and allowed other fluids to continue dolomite precipitation 
into the subsurface. is thought to have formed more slowly from near 
surface to shallow burial realms. Dolomite may also form from brackish 
waters, supersaturated with respect to dolomite and undersaturated with 
calcite due to the mixing of meteoric and seawater. The mixing zone 
theory (Badiozomani, 1973; Folk and Land,l975; Hanshaw et al., 1971) is 
suitable for these sediments because of the documented presence of 
early marine cementation and later meteoric water causing alteration, 
stabilization and cement precipitation within the sediments• 
Dolomitisation requires a source for Mg 2+ ions; these may have been 
available in seawater buried within micritic sediments• The influence 
of meteoric groundwater may have made the marine cement and 
precipitated micrite unstable and led to the creation of porosity. 
Freshwater lenses occur in the sediment and subsurface and can extend 
out slightly into marine sediment beneath the sea (Halley and Harris, 
1979; Matthews, 1968, 1971, 1974; Land, 1970). The intrusion of 
freshwater into subtidally deposited sediments probably occurred from 
the extension of freshwater lenses th~t developed beneath exposed 
tracts of the carbonate platform• A fresh water lens may have extended 
out, been sourced and recharged from the Brabant Massif, lying to the 
north-northeast. Low lying islands and tidal flats may act as a source 
for freshwater as on the Florida Platform (Simms~ 1984). Dolomite 
occurs only in northerly outcrops. 
If dolomitisation was caused by the mixing of marine and meteoric 
waters, the zone only developed locally• This type of dolomite is not 
common in Belgium and evidence for subaerial exposure and meteoric 
cementation is rare. In this instance, the infiltration of meteoric 
waters substantially increased the porosity• 
This zoned dolomite occurs only in the limited areas in which 
. signs of relatively early meteoric cementation are preserved. These 
areas may be associated with indications of subaerial exposure, e•g• 
the Bane d'Or. Subaerial exposure may have allowed freshwater lenses to 
develop and enhance the interpretation of relatively early, mixing zone 
dolomitisation. However, elsewhere, this type of dolomitisation formed 
over a peroid of time, possibly initially in the near surface 
environment and continuing into the shallow subsurface• 
7.4•2 Pervasive Dolomite Mosaics 
Pervasive dolomite fabrics typically form idiotopic to xenotopic 
mosaics (Fig 7,;14). They may develop locally within micrite or 
pervasively through several beds of mudstones to grainstones. 
Replacement fabrics may totally destroy all records of the original 
sedimentary fabric through up to 50m of rock.; In transmitted light, 
dolomite crystals comprising the idiotopic mosaic are brown at their 
centres varying to clear at their edges possibly recording irregular 
inclusion patterns, which are more concentrated at the centre• Crystals 
are generally 50-lOOym across (<25~m) with uniform extinction. Land et 
2S7 
Fig 7.14 ~Pervasive dolomite mosaic leaving rare wisps of micrite 
stained with Alizarin Red Stain PPL 
(j:>) 
dolomite crystals ti ght ly packed 
few remnants of original textures 
pervasive dolomite mosaics 
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al• (1975) showed that trace element differences between cloudy centres 
and clear rims could be interpreted to indicate that the clear rims 
precipitated from a more dilute solution. A more dilute solution may 
have been undersaturated with respect to low magnesium calcite (Sibley, 
1980) preventing the inclusion of low magnesium calcite within dolomite 
crystals. 
Similar, but individual, dolomite crystals may also form within 
micritic sediments, but not in sufficient concentrations to develop a 
pervasive mosaic• Dolomite rhombs may be concentrated by the effects of 
stylolitisation, in which case the density of dolomite crystals 
increases rapidly towards a stylolite from either side and at the 
stylolite dolomite rhombs may be almost pervasive. This could be 
interpreted as a genetic relationship: on closer inspection, parts of 
dolomite crystals can be seen to be missing, presumably having been 
truncated by stylolite formation• Wanless (1979) proposed that 
stylolites formed as a result of the Mg2+ released from micrite during 
stylolitisation• If stylolites themselves develop slowly, dolomite may 
have formed as the stylolite formed. Stylolite development may have 
outlasted dolomite development giving the appearance of pre-stylolite 
dolomitisation• Since this type of dolomite overgrows and destroys the 
sediment fabric it is difficult to ascertain its time of growth 
relative to other cements. 
Bioclasts within these sediments may remain intact. The degree of 
dolomitisation depends .on the type of bioclast. Bioclasts of coarse 
grained calcite such as echinoderm fragments have resisted replacement 
by pervasive mosaics. Partial dolomitisation of echinoderm fragments 
does rarely occur. The relationship between dolomitisation and 
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syntaxial overgrowths is not always clear.; In some instances, mosaics 
extend to the edge of echinoderm fragments.; Rarely single, large 
baroque dolomite crystals may replace both an echinoderm fragment and 
its overgrowth.; The pseudomorphic .replacement of crinoids by dolomite 
and impingement of dolomite rhombs on to the edges of echinoderms has 
been noted in other ancient sediments (Lucia, 1962).; Resistance to 
dolomitisation by echinoderm fragments is not unusual (e.;g. Murray and 
Lucia, 1967; Buchbinder, 1979; Schofield and Adams 1985). 
Dolomite fabrics are rarely altered but locally, smaller dolomite 
rhombs may be replaced by larger baroque dolomite crystals. The 
development of idiotopic and xenotopic dolomite mosaics within 
sediments have been documented in ancient and modern sediments (e.;g.; 
Murray and Lucia, 1967; Choquette and Steinen, 1980; Mattes and 
Mountjoy, 1980).; They suggest that there is a greater potential for the 
do1omitisation of lime mud, as micrite may contain clays which act as a 
source for Mg2+ and release Mg2+ ions during burial.; Gregg and Sibley 
(1984) proposed that xenotopic mosaics were indicative of formation in 
burial conditions. Their experimental work has shown that anhedral 
crystal mosaics are preferentially developed above 50 C in dolomite.; 
Below this temperature, smooth crystal surfaces of subhedral to 
euhedral crystals will develop• 
Dolomite may form as a by-product of neomorphism or pressure 
solution as Mg2+ ions are released (Wanless, 1979; Folk, 1974; Logan 
and Semenuik, 1976; Mattes and l-1ountjoy, 1980). If this occurs, 
dolomite may prevent further pressure solution.; There is some 
disagreement as to whether dolomite forms the anisotropy which causes 
stylolitisation (Schofield, 1984) or whether it is caused as a result 
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of stylolitisation (Waniess, 1979). Dolomite rhombs in these sediments 
may have been created during pressure solution and stylolitisation• 
The finely crystalline dolomite mosaic has typically been 
preserved without any alteration• The abundance of dolomite in so many 
micrites resembles the dolomite forming on modern Bahaman tidal flats 
(Gebelein et alo, 1980)• The tidal flat wedge has prograded into 
slightly hypersaline shallow water which is underlain by fresh 
groundwater lenses and surrounded by groundwater of more normal 
salinity. Modern dolomite distribution is predominantly below beach 
ri~ges and hummocks and is not explained solely by mixing zone 
dolomitisation models. Dolomite formation early in Recent environments 
is commonly facies specific and may be associated with evaporite 
minerals (Bonaire, Arabian Gulf; Deffeyes et alo, 1965; Hsu and 
Siegenthaler, 1969). The lack of evaporite minerals in the Livian 
Formation precludes sabkha diagenesis. Dolomite formation on modern 
tidal flats is well documented (Deffeyes et al., 1965; Shinn, 1969; 
Hardie, 1977; Kinsman, 1964; McKenzie et al., 1980). The Visean 
dolomites in question have formed in bioclastic grainstones as well as 
mudstones. They are not considered to be facies specific• Dolomite may 
also have formed in a shallow mixing zone possibly during stabilisation 
later on in burial• 
Within the tidal flat environment, there was abundant marine 
groundwater, possibly hypersaline at times• During local subaerial 
exposure in a semi-arid, tropical-subtropical climate, one would expect 
a plentiful but seasonal supply of rain i•e• a source of freshwater 
even if surface runoff from the landmass was lacking in this area. 
Rainfall may have increased the subsurface freshwater lens. Since many 
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of the dolomitised sediments are subtidal carbonates, it is possible 
that dolomite was caused by the mixing of freshwater and seawater as 
proposed by Badiozamani (1973). The mixing of fresh and marine waters 
may occur in near surface and subsurface sediments eg• beneath shoals, 
beach ridges and tidal flats• Mixing zone dolomite has been documented 
from the subsurface lime mud sediments of Andros Island, Bahamas 
(Gebelein et al.,l980). Mixing zones also occur where meteoric 
freshwater mixes with connate water i•e• marine water buried within the 
sediments during shallow to deep burial• 
Individual scattered rhombs and the smaller developments of 
dolomite may be due to local build ups of Mg 2+ in porewater through 
leaching of Mg2+ from clays in mudrock and clay-rich limestone horizons 
of high magnesium calcite• The original presence of high magnesium 
calcite is inferred because fabric retentive replacement is thought to 
be indicative of the stabilisation of high magnesium calcite to low 
magnesium clacite• 
7o4.;3 Baroque Dolomite 
Crystals of coarse "baroque" dolomite (Folk and Assereto, 1974) 
occur as either replacive or pore filling dolomite phases (Fig 7.15). 
They fill voids, bioclasts, replace bioclasts and syntaxial overgrowths 
or overgrow and obscure the sedimentary fabric. Finer grained dolomite 
(Type 2) tends to nucleate on finer grained sediment, baroque dolomite 
forms more commonly in coarser sediments• Crystals of baroque dolomite 
may develop individually or close together to form a mosaic. The 
distinctive feature of baroque dolomite is its distorted curved crystal 
lattice (Radke and Natthis, 1980).; Lattice distortion results in 
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baroque dolomite 
developme~t of baroque dolomite 
overprints original texture 
Fig 7.15b Baroque dolomite replacing bioclastic grainstone XPL 
0 . 25mm 
Fig 7.15a Zoned baroque dolomite within stromatolite PPL 
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undulose extinction.; Inclusion distribution patterns may be irregular 
or produce a vague zonation but are not as distinct as those observed 
in in smaller crystals.; Earlier cements are rarely replaced.; Syntaxial 
overgrowths may be replaced or may have irregular, partially pitted 
boundaries suggesting partial dissolution of syntaxial overgrowths 
prior to the growth of dolomite. Locally, bioclasts including low 
magnesium calcite replacements of aragonite are overgrown by dolomite 
mosaics. This fabric replaces bioclasts from their inside outwards. 
Baroque dolomite is uniformly non-luminescent. Baroque dolomite 
commonly grows around earlier calcite cement crystals without reaction. 
In areas of sparse dolomite development, the original depositional 
fabrics are preserved• This form of dolomitisation is not facies 
specific. 
Baroque dolomite gives the impression of having been a passive 
cement where it fills voids left within an earlier finer grained 
dolomite mosaic• It may replace a previous spar cement, including 
syntaxial overgrowths, leaving no inclusions. Small rhombs of early 
dolomite may rarely be included in larger baroque dolomite crystals. 
Elsewhere baroque dolomite may give the appearance of having formed 
from the neomorphism of pre-existing dolomite under burial temperature, 
pressure and formation water conditions. Only a relatively small 
quantity of Mg2+ ions may be sourced from the remobilisation of 
existing phases, released by pressure solution or neomorphism or from 
clay mineral transformation• The dolomitisation reaction is enhanced by 
reduced kinetic constraints and elevated temperatures (Mattes and 
Mountjoy, 1980; Zenger, 1983). Only in one locality is baroque dolomite 
associated with a mineralisatton, suggesting a high temperature and 
294 
mineral rich fluids for-its origin• A suitable chemical environment for 
baroque dolomite development may have resulted from the mixing of 
connate and surface derived meteoric fluids within permeability 
channels. 
Baroque dolomite i.s a common burial cement (Folk and Assereto, 
1974)• It has been documented in close association with liquid 
hydrocarbons with yellow fluorite and calcite containing fluid 
inclusions suggesting a formation temperature of 100-129°C, base metal 
mineralisation and sulphate rich carbonates (Radke and l-1atthis, 1980)• 
It has been suggested that baroque dolomite may act as~ geothermal 
indicator of temperatures between 60-lSOoC (Radke and Mathis, 1980). 
Gregg and Sibley, (1984) suggested that baroque dolomite may replace 
limestone or pre-existing dolomite mosaics by neomorphism at 
temperatures >S0°C. 
Baroque dolomite is most common in the Namur and Vesdre regions. 
The depth for the formation of baroque dolomite could be related to 
burial depth caused by overthrusting of the 'Dinant Nappe' (section 
7.8). This would have increased the local temperatures and pressures• 
7 •4•4 Discussion 
Dolomite has been documented in a variety of Livian sediments, 
. which in turn suggest a variety of diagenetic environments• Geochemical 
conditions of more than one theoretical model can be met within these 
sediments• The relationship of dolomite crystals of Types 1 and 2 to 
other diagenetic features and sedimentary textures indicate that 
dolomite replacement took place after deposition but before significant 
compaction or stylolite formation, presumably prior to deep burial. The 
pattern of dolomite confirms the experiments of Bullen and Sibley 
20t:; J./ 
(1984), who observed selective dolomitisation according to the 
availability of nucleation sites within the grain being replaced.; Each 
type of dolomitisation is distinctive, affecting the sediment in a 
different way, although dolomitisation is not always facies specific.; 
Numerous types of dolomitisation model have been proposed for example 
those summarised by Morrow, (1982) and Land (1985): sabkha, reflux, 
mixing zone and burial compaction models.; The variety of models 
reflects the uncertainty over the precise conditions required. All 
dolomitisation reactions require a source of Mg2+ ions. Se~w~ter, clay 
minerals and high magnesium calcite may provide this source; methods 
for the introduction of Mg 2+ into the sediment have been studied by 
Simms (1984) and Land (1985). 
·The distribution of dolomite, its stratigraphy, facies and 
textural relationships with surrounding sediments are all fundamental 
to the identification of the geochemical model responsible for its 
formation. In each case within the Livian sediments, dolomite is only 
developed locally, there is no evidence for a large scale model 
affecting the whole Formation. Only in two localities does an idiotopic 
dolomite mosaic extend through several beds.; Sibley (1982) suggested 
that dolomitic textures are primarily dependent on the nature of the 
rock or sediment that was dolomitised and t.o a lesser extent on the 
nature of the dolomitising solution. In the Livian Formation most 
facies are subject to a certain amount of dolomaitisation. A climatic 
control on the formation of dolomite was noted by Sibley 0980): in 
humid climates high Pco
2 
of phreatic mixing zone would cause rapid 
calcification of sediments whereas in sediments of arid climates a 
lower water Pea,_ would enhance the potential for dolomite formation.; 
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These dolomite fabrics are not completely facies specific• The dolomite 
fabric which developed is dependent on the mineralogy of minerals being 
replaced, availability of nucleation sites, the degree of 
supersaturation with respect to dolomite and the state of 
supersaturation of the mineral being replaced• This requires fluids 
which are less saline than normal seawater or hypersaline brines 
undersaturated with respect to high magnesium calcite and aragonite 
(Land, 1973; Sibley, 1980). 
7•5 Silicification 
A V?riety of types of diagenetic silicification have been observed 
in sediments of the Livian Formation.; Diagenetic silica may occur as 
individual crystals of authigenic quartz, as a patchy replacement of 
calcite shells, evaporite minerals or calcite cements (Fig 7.16). It 
may also be found as a cement phase or as chert nodules, irre-~pective 
of the substrate.; 
Individual crystals of authigenic quartz are euhedral, commonly 
hexagonal in cross section up to 160pm long and 50Fm wide. They are not 
facies specific; they nucleate on and overgrow laminated mudstones, 
stromatolites, oolites and bioclastic sediments. Silica in the form of 
micro or megaquartz may replace bioclasts; most commonly, brachiopod 
shells and coral skeletons are replaced, partially preserving some of 
the original shell structure• 
The multiple layered fascicular-optic fibrous calcite cements 
within stromatolites are commonly replaced by a patchy development of 
silica• Replacement is specific to the fibrous cement layers and 
replacement is typically from the top down into the cement layer. The 
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Fig 7.16a Silica replacing botryoidal calcite, note pale, inclusion poor 
lines PPL (MF.l..-4) 0 . 17mm 
0. ~4mm 
Fig 7.16b Authigenic quartz developed in micrite XPL 
(Mf ::t.s) 
298 
replacive texture is generally of chalcedonic quartz and totally 
destroys the original cement fabric• Inclusions of fibrous calcite 
occur within the replacement silica• 
In thrombolite& and stromatolites silica replacement may take the 
form of a spherulitic texture (Fig 7•17). In transmitted light, this 
silica is yellow-brown in colour• Inclusions within spherulites define 
a pat~ern of fibres radiating from the dark brown core and brown 
concentric rings around the core may represent growth lines• This form 
of silica seems to replace sediment irregularly• Stromatolitic 
sediments incorporate peloids with thin fibrous calcite coats i•e• 
incipient ooids. Replacement of these may be responsible for the 
spherulitic texture observed• The contact between the replacement front 
and sediment may have a brown appearance similar to the insoluble 
residues which acculmulate along stylolites. Coarse calcite microspar 
crystals may occur at the boundary between spherulites and micritic and 
microbial sediment. Locally areas within the thrombolitic microbial 
laminae which have not been replaced contain fibrous calcite cement• 
Non-preferential silica replacement by (microquartz) occurs in 
bioclastic wackestone-grainstone sediments• Horizons comprising almost 
continuous nodules of ribbon chert are common in the V2bS• The chert 
nodules are rounded, elongate <O.lx0.3m in size• They are randomly 
spaced laterally, but they may coalesce to form nearly continuous 
layers resembling bedded cherts• Ribbon chert formation is always 
parallel to bedding and ribbon layers are spaced vertically o.o5-lm 
apart, irrespective of bedding planes. Ribbon cherts are less 
extensively developed elsewhere in the Livian Formation• 
Nodular cherts contain evidence for a replacement, diagenetic 
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Fig 7.17 Microquartz replacing stromatolit i c sediment PPL 
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origin. Within the nodules, calcareous bioclasts may be preserved or 
replaced by silica.; Textural and lithological variations may be 
discernable within chert nodules where they coincide with a bedding 
plane.; 
Si 1 i ci fica t ion can occur early or late during diagenesis taking 
the form of selective replacement of cement, sediment, fossils or the 
development of chert nodules or layers. Microquartz and chalcedonic 
quartz are relatively unaffected by compaction, and are therefore 
thought to have formed after burial. 
The least susceptible. carbonate fabrics to replacement are 
beresellid and echinoderm bioclasts and their syntaxial overgrowths.; 
Thick brachiopod shells are commonly partially but only rarely totally 
replaced. More susceptible bioclastic components to be replaced are the 
thin shelled brachiopods, bryozoans and muds which may be totally 
replaced within otherwise totally calcareous sediments. 
Chalcedony may occur in the form of spherulites or as a botryoidal 
cavity fill or lining.; Microspherulites (25-40ym in diameter) are a 
common feature of chalcedony or microquartz.; Microspherulites in the 
Livian Formation occur in replaced textures, in particular as a 
replacement of lime mud or microbial mats.; 
Locally chalcedony fills cavities prior to calcite spar 
cementation. In this instance it is interpreted as a cement. Inclusion 
fabrics have not been observed within this type of chalcedonic silica. 
Silica cementation does not disrupt carbonate fabrics, pseudomorph 
skeletal grains, carbonate cements or geopetal carbonate muds. It is 
therefore interpreted as a cement. The timing and date of silica 
precipitation are determined relative to calcite cement stratigraphy 
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and are therefore prior to final calcite spar precipitation.; 
Replacement textures suggest that microquartz and chaicedonic 
quartz formed by replacement whereas megaquartz may have been 
precipitated directly (Meyers, 1977; Meyers and James, 1978). 
Replacement cherts are common in carbonate shelf and basin 
deposits of the Palaeozoic. Nodular cherts are common in shelf 
limestones such as the Carboniferous Limestone of Great Britain (Orme, 
1974) and North America ('t-!eyers, 1977).; The source of silica is 
generally thought to be from the dissolution of siliceo-us organisms 
such as radiolaria or siliceous sponges (Land, 1976).; These organisms 
are not abundant in peritidal areas, opaline skeletons may have been 
winnowed out of some sediments by strong currents, deposited in quieter 
areas and dissolved after burial to allow precipitation of chert 
nodules (:Heyers, 1977). 
The source of chert is not obvious• Siliceous spicules, composed 
of biogenic opal are commonly documented as a source of diagenetic 
silica.; Spicules present in these sediments have been dissolved and 
their moulds filled by a thin rim of isopachous equigranular cement 
followed by a single or several equigranular calcite crystals. Their 
original mineralogy is uncertain and few have signs of an axial canal. 
Spicule diagenesis may have begun on the sea floor as spicules 
dissolved and left moulds, destroying evidence of canals.; The quantity 
of remaining spicules seems to be insufficient and poorly distributed 
to be the main cause of silicification. 
The lack of a voluminous source of indigenous silica leads to the 
speculation for an extra-formational source. Silica may be introduced 
into the sediments via siliceous-rich formation waters or from detrital 
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quartz silt within the sediments. Silica may have been released during 
incongruous dissolution of clays into pore waters if subjected to 
relatively fresh water (Meyers, 1977)• If this was the case, the shaley 
limestones should be preferentially chertified, which apparently they 
are not• It is possible that the corrosion of volcanic rocks may have 
released silica into pore waters (Peterson and von der Borch, 1965)• 
7 •6 Ooid Deformation 
Ooid petrography has been described and discussed in section 
5•2•3• The majority of ooids have a radial-concentric structure• 
Deformation patterns tend to occur in ooids with a radial centre and 
concentric outer laminae. Some ooids have been preserved and protected 
from compaction by an early phase of cementation, either spar or 
micrite, commonly exhibiting a meniscus effect around the grains. Early 
cementation is not always capable of preventing pressure solution 
during compaction. Compound ooids, cemented by micrite are generally 
protected from compaction by their early cement. Those ooids lacking an 
early cement coat have generally been deformed. 
The ooids are thought to have been monomineralic. The preservation 
of their internal fabric is interpreted as recording originally high 
magnesium calcite ooids (Sandberg, 1985)• There are no obvious signs of 
two phase i•e. bimineralic ooids or dissolved out ooids which might be 
interpreted as wholly or partly aragonitic (Wilkinson et al.,l985; 
Sandberg, 1983). Ooid structure is thought to have played an important 
role in the method of deformation• Deformed ooids take the form of 
spalled and plastically deformed ooids. 
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a) Spalled ooids 
The first type of deformation affects ooids 300-SO~m in diameter• 
They tend to be coated with an isopachous layer of fibrous calcite 
cement, 6-2~m thick• Most commonly this outer rim of cement has been 
broken off from the rest of the ooid without affecting the ooid 
structure (Fig 7.18).; Elsewhere, parts of the outer concentric layers 
of ooids have been broken. The deformation is apparently due to brittle 
fracture. The resultant laminae appear to have a greater circumference 
than the remaining undeformed laminae suggesting that either stretching 
or dissolution has taken place. Spalled laminae have always been broken 
off prior to late spar cementation but in some cases may have been 
formed prior to early meteoric cement precipitation• Only rarely is the 
whole cortex broken and fractured. Fractures are clean breaks which may 
follow the concentric and radial habits of ooids• 
Contacts between ooids may be concavo-convex to stylolitic• 
Commonly ooids with stylolitic contacts at the top and base exhibit 
spalling of laminae at unconfined boundaries• 
£2 Plastically Deformed Ooids 
Ooids with radial-concentric structure as described above are also 
affected by plastic deformation (Fig 7.;19). The radial centre remains 
unaffected by deformation whatever the cause, whereas the outer laminae 
are severely deformed by compaction and pressure solution. The outer 
laminae appear to have been separated from the ooid cortex and bent 
outwards into the surrounding 'cement. Locally, ooids have very 
irregular edges and appear to have been dissolved at their outer edge, 
not just at pressure solution contacts, possibly due to the interaction 
of diagenetic fluids. Well preserved and micritised ooids are deformed 
304 
Fig 7.18 Oolites: spalled outer laminae, mostly broken, some bent PPL 
0 .25m.., 
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0. 2~mm 
Fig 7.19 Plastically deformed ooids, laminae broken only rarely after severe 
deformation PPL (Criss-cross pattern due to resin on slide ) 
0 . 25"'"" 
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in the same manner• 
Discussion 
Plastic deformation occurs prior to brittle deformation• Pressure 
solution is the preferential dissolution of mineral matter at points of 
stress. Crystal deformation at stressed contacts will enhance the 
solubilities of both crystals. Plastic deformation is thought to have 
occurred in the presence of high pore fluid pressure which would be 
expected during burial compaction leading to stylolitisation• This is 
borne out in certain horizons in which the amount of bending and 
stretching within o~ids increases towards stylolites. Away from 
stylolites, the number of spalled ooids decreases~ Under extreme 
deformation, ooids have been squashed and streaked out into pointed 
lenses along solution seams• In these cases even the spheroidal centres 
may become deformed• Rarely ooids are overgrown by later calcite spar. 
Pressure solution is thought to have played an important role in the 
deformation process• 
Sequences of ooid grainstones may contain intervals in which 
distorted ooids are common (Cayeux,l935; Cloos, 1947; Carozzi, 1962; 
Coogan, 1970; Conley, 1977). Distorted ooids have been described 
briefly in the literature. Ooids may have distorted cortices and/or 
displaced nucleii, possibly retaining their original external shape 
(Carozzi; 1962). Ooid shape may be modified by internal or external 
distortion (Carozzi, 1962; Kettenbrink and Manger, 1971) or pressure 
solution (Coogan, 1970; Cayeux, 1935). 
Grains with distorted shapes have been attributed to tectonic 
deformation (Cloos, 194 7), deposi tiona 1 and diagenetic processes 
(Coogan, 197~; Kettenbrink and Manger, 1971)• Internal distortion has 
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been attributed to diagenetic changes (Carozzi, 1962; Wilkinson et al.;, 
1984). Many of these deformation patterns led to chains of ooids joined 
by apophyses.; No apophyses are apparent between ooids of the Livian 
Formation.; 
Recent ooids are generally rigid once formed• In Livian sediments 
certain ooids have lost· all or parts of their outer layers through 
disruption and/or breakage.; The isopachous fibrous marine cement coats 
are brittle and poorly attached to their ooid substrate.; This is the 
first sign of deformation.; These spalled fabrics have been interpreted 
as a result of the physical crushing of monomineralic cortices du~ing 
burial and compaction, with the broken, spalled exterior laminae 
rotating away from the interior, unbroken portions of the cortex (Moore 
and Druckman, 1981).; However, two problems exist. Burial compaction of 
radial-concentric calcite ooids most commonly results in pressure 
solution at grain contacts and the development of microstylolites at 
the contact of interpenetrating grains.; Pressure solution may or may 
not affect the spalled ooids in these sediments• The spalled layers 
commonly appear to be longer than the exterior of the ooid from which 
they were presumably derived• It is thought that if the two surfaces 
had once been in contact, they should be approximately the same length.; 
If burial compaction is the cause of this deformation, some local 
force such as local cementation or pore fluid pressure could have held 
the ooids apart until they ruptured.; Wilkinson et al.;,(l984) documented 
and discussed the cause of spalled ooids. They noted. the mismatch 
between the length of ooid and spalled cortices. They inferred that 
dissolution of an aragonitic lamina within a predominantly calcitic 
ooid caused the collapse of the outer laminae. However, a one section 
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view, such as a single thin section, does not permit a true evaluation 
of the length of the spalled cortex. There is no obvious dissolution of 
the cortex, indeed, equivalents of spalled laminae may be attached and 
well fitted to the cortex leaving no signs of dissolution.; It is 
noticeable that in the ooids of the Livian Formation, only small parts 
of the cortex have broken off. This may be due to crushing of rigid 
ooids against their neighbours (Peryt, 1985). Bimineralic ooids i.;e. 
two-phase aragonite-calcite cortices forming as interlaminated mixtures 
within grains have been documented (Buczynski and Wilkinson, 1982). 
It is suggested here that the structure of the concentric outer 
laminae, i.e. concentric layers of radially arranged acicular- fibrous 
crystals 5-2~ms long, may have had the ability to stretch and deform 
plastically prior to brittle failure.; The concentric nature of laminae 
is presumed to has allowed a certain amount of slip between laminae as 
outer laminae deformed by stretching.; It seems that there was poor 
cohesion between concentric laminae and greater adhesion between radial 
crystals. The dark brown boundaries between concentric laminae has been 
attributed to the presence of organic matter or clay minerals (section 
5.;2.;3).; These may reduce the cohesion between laminae.; Commonly ooids 
are coated by an isopachous fibrous marine cement rim; this layer is 
very poorly attached to the outside of ooids.; The various types of 
deformation may represent different stages or views of an ooids 
response to stress. On contact with another ooid the outer cortex is 
likely to react. The centre of these ooids have a greater rigidity than 
the outside and in most cases is protected from deformation.; It is 
therefore suggested that under suitable stress, plastic deformation led 
to the gradual development of a bulge in the outer cortex, separating 
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it from the inner radial part of the ooid• At a certain level of 
stress, the bulge failed leaving a spalled layer or fragment floating 
to be cemented later by spar cement• Only rarely did this type of 
deformation occur prior to the formation of early meteoric cement• 
In some cases the retained, unspalled part of a broken lamina is 
attached to the ooid without discontinuity or signs of dissolution 
suggesting that no dissolution has occurred between the ooid and 
spalled lamina• The presence of former aragonite is not thought to have 
been necessary to produce these deformation features. They are assumed 
to have developed during burial compaction, some before but mainly 
after early cementation• This type of compaction, which allows ooids to 
deform and squash in between each other has been effective as a means 
of reducing pore volume. 
Pressure solution is common amongst ooids. Locally, almost 
vertical arrays of ooids occur with stylolitic contacts (Fig 7•20). 
Pressure solution occurs only at their contacts where the increased 
pressure has increased their solubility• It may be caused by compaction 
or tectonic deformation. In these cases too compaction also caused 
slight plastic deformation. 
7.7. Stylolitisation 
Stylolites are common within all the different facies of the 
Livian Formation sediments• They may have a slightly different 
appearance within the predominantly bioclastic and predominantly 
micritic sediments. Sutured seam solution stylolites (Wanless, 1979) 
within bioclastic sediments have already been noted as producing 
"pseudo-bedding" (section 1.8). Stylolites in finer grained, muddier 
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0 .25...,., 
Fig 7.20 Vertically aligned ooids with stylolitic contacts PPL 
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sediments are similar to the non-sutured seam solution layers described 
by Wanless (1979). The non-sutured solution seam surfaces occur in 
anastomosing swarms and are marked by thin brown accumulations of 
insoluble material, possibly derived clays or organic matter.; They are 
thought to be responsible for the concentration of fossil debris in LF4 
and the nodular limestone appearance.; 
In cross section; stylolites vary from smooth, undulating to 
jagged boundaries.; Surface relief may be from less than lmm to 
decimetres. Stylolites are aproximately horizontal and parallel to 
layering. 
A simple observation, though not always a true division is that 
sutured solution surfaces are more common in bioclastic grainstone-
packstones whereas non-sutured solution surfaces are predominantly 
found in more micritic sediments. 
Stylolites are thought to have been caused by stress induced 
solution (Sorby, 1879; Bathurst, 1975; Logan and Semenuik, 1976). The 
stylolites present in the Livian Formation are horizontal and assumed 
to have developed from an overburden stress. Smooth to finely 
undulating clay seams have been interpreted as products of pressure 
solution (Barrett, 1964; Wanless, 1979; Garrison and Kennedy, 1977).; 
Deep suturing may occur if very little clay is present within the 
sediment (Wanless, 1979). Schofield (1984) suggested that stylolite 
formation required anisotropy in the sediment.; There is not always a 
variation in lithology across a stylolite.; Stylolites are thought to 
occur along the line of inhomogeneities in the sediment. Non-sutured 
solution seams show a greater tendency to deform and shear adjacent 
sediments and grains. The concentration of coarse grained coral and 
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brachiopod fragments in "lithofacies LF4 suggests that the finer grained 
material was less resistant to pressure solution.; 
Rapid cementation following early sediment compaction is thought 
to have protected the sediment from significant compaction during 
burial. 
The abundance of stylolites throughout the sequence impl~es that 
pressure solution has played an important part in sediment volume 
reduction,; However, despite its extensive nature, it has not obscured 
sedimentary relationships as described by Logan and Semenuik, (1976). 
Authors have suggested a variety of formation depths: 600-900m 
(Dunnington, 1967), lOOOm (Mossop, 1972), <90m in limestone with a high 
clay content. Meyers (1980) showed that considerable 
pressure solution in some carbonate rocks could occur under a few lO's 
of metres overburden and suggested that pore fluid chemistry may be as 
important _as depth~ 
7.;8 Summary 
The diagenetic processes described above are summarized in Fig 
7,;21, 7.;22• The sections above have shown that abundant carbonate 
precipitation occurred in the depositional environment and continued 
into the shallow subsurface in marine or meteoric water. Early 
cementation from marine waters although common was not sufficient to 
occlude porosity. Initial depositional marine phreatic water was 
replaced by meteoric fluids which dissolved unstable carbonate grains 
and deposited stable carbonate cements. Signs of early meteoric water 
influence are rare except in oolites and fenestral limestones.; This may 
be related to the lack of subaerial exposure during deposition.; Each 
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cycle is dominated bi a shallowing upwards sedimentary sequence 
(chapters 3, 4., 5 and 6). Relative regressions permitted the 
precipitation of a variety of marine calcite cements.; Peritidal beds 
were only rarely subject to intense meteoric diagenesis because tidal 
deposits were soon covered by transgressive marine sediments.; Land 
derived groundwater seems to have been of little importance in early 
cementation. Its influence in dolomitisation and burial diagenesis is 
recognised (Gebelein et al., 1980; McKenzie et al.;, 1980). Meteoric 
water in peritidal beds is displaced by seawater. Fresh water may have 
entered the sediments via the supra- or intertidal zones through the 
displacement of marine waters but meteoric calcite cements were not 
commonly precipitated until the shallow burial realms.; The greatest 
proportion of cementation is expected at the water table and in the 
transition between fresh and marine lens or subsurface brines beneath 
(Matthews, 1974; Meyers and Lohmann, 1985; Longman, 1980).; In the 
mixing zone pore fluids may be highly variable in composition. 
Pervasive, blocky, calcite cements have developed within poorly 
compacted bioclastic sediments from the lower part of cycles. Heckel 
(1983) interpreted this as a typical feature of diagenesis within 
transgressive sedimentary sequences. Early diagenesis tends to be 
facies specific, whereas later diagenesis affects all sediment types. 
Other effects of diagenesis associated with fresh water in the 
near surface or during shallow burial include solution, stabilisation 
of aragonite to calcite, exsolution of Mg 2+ from magnesian calcite, 
further cement precipitation and dolomi tis at ion.; During burial 
neomorphism takes place as any remaining aragonite and high magnesium 
calcite minerals become unstable under increasing temperature and 
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stress. Fine grained carbonate muds tend to stabilise as low magnesium 
calcite. This change may occur as a near surface diagenetic change 
driven by mineral solubility and pore water chemistry or during burial 
driven in addition by temperature and strain deformation of the 
crystal. Once sediment is buried below the freshwater table and comes 
into contact with shallow subsurface reducing fluids, calcite 
cementation producing irregular to equant crystals occurs at s reduced 
rate.; If they are present in the system, Mn2+ and Fe2+ ions may 
substitute for Ca 2+; however, it is presumed that in these Visean 
sediments Mn2+ an Fe2+ only occurred in low concentrations in the pore 
waters,; 
The variations in depth of burial have been calculated very 
approximately from subsequent thicknesses and the possible effects of 
tectonism (Fig 7.;23). Sedimentation across the whole area continued 
through the Carboniferous, leaving a possible cover 3.;5-4km thick 
(maximum), although nowhere is the whole succession present 
(Bless et al., 1976). At the end of the Carboniferous, the final 
major movement along the Midi Thrust plane emplaced the 1Dinant Nappe 1.; 
The 1Nappe 1 comprises Devonian-Carboniferous sediments and presumably 
was of similar or greater thickness than the autochthonous sediments.; 
Autochthonous sediments in the Namur region would have been buried to a 
much greater depth than the allochthonous sediments of the Dinant 
region unless these ~oo were overthrust. Very low grade effects of 
regional metamorphism associated with the Variscan Orogeny have 
affected the Livian sediments,; Neomorphism of the sediments of the 
north Dinant region is presumed to have been caused by increased 
temperature and stress related to movement along the Midi Thrust and 
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has destroyed the original sedimentary and diagenetic textures. Gradual 
uplift and denudation occurred through the Permian and Triassic• 
Sedimentation recommenced locally during the Cretaceous, Tertiary and 
Quaternary~ Despite the two different burial curves proposed in Fig 
7.23, the only significant variation in diagenesis observed across the 
Midi Thrust line is an increase in neomorphism close to the thrust• It 
is therefore presumed that most diagenetic changes had occurred at or 
near the surface or during relatively shallow burial, presumably prior 
to rapid burial and uplift. 
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CHAPTER 8 
Plate Tectonic Situation 
8.1.1 Introduction 
An aim of this project was to study the patterns of Visean 
sedimentation to the south of the Brabant Massif in Belgium, in an 
attempt to produce more information about its position and involvement 
in Variscan tectonics and the type and amount of movement along the 
Midi Thrust. Much of ~he pre-Permian succession is now covered by 
younger deposits and detailed correlations tend to be uncertain. A 
recent geophysical programme involving deep seismic sections has been 
of immense help in interpreting the regional sub-surface structure of 
north-eastern France and Belgium.to the south of the Midi Thrust. This 
chapter provides a brief summary of the regional geology through the 
Devonian and Carboniferous together with an interpretation of European 
Variscan t~ctonics. A discussion of the possible plate tectonic setting 
and involvement of the Midi Thrust is included• 
8.1.2 Regional setting 
Duri:ng the Carboniferous and Permian the continents of Gondwana 
and Laurasia rotated and gradually moved together as the Rheic Ocean 
between them closed. They coalesced to form the landmass known as 
Pangea. The Brabant Massif formed the southern part of a landmass 
including Great Britain. r·ts relationship with areas now forming the 
Lizard Complex (Cornwall), Brittany. Massif Central and the Iberian 
Peninsula is a matter of debate and is discussed briefly towards the 
end of this chapter.; There have been several palaeomagnetic studies 
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attetmpting to fix the position of both continents and their 
constituent landmasses (eg.; Van der Voo and French, 1974; Irving, 1977; 
Smith, 1981) but these are inconsistent and inconclusive. However, the 
broad hypothesis that all of these areas combined during the late 
Carboniferous and early Permian to form part of the Laurasian continent 
prior to its collision with Gondwana during the Upper Permian is now 
well founded (Johnson, 1981) 
8.;1.;3 Local Setting 
Thick Devonian-Carboniferous sedimentary sequences occur 
intermittently and .trend across northern and central Europe, from 
southern Ireland to Poland.; In many places these sediments are now 
buried under a thick sequence of late Palaeozoic, Mesozoic and 
Quaternary deposits, e.;g.; the Paris Basin which lies to the southwest 
of the study area. A narrow band of relatively undeformed, 
autochthonous sediments lies along the southern edge of the Brabant 
Massif in the Namur syncline.; The Midi Thrust separates this belt from 
allochthonous sediments to the south which constitutes the Dinant 
nappe. The Variscan Front, the northern limit of Variscan deformation 
in Belgium., is equated with the Midi Thrust. Until recent geophysical 
work hacCbeen carried out, the nature of the Dinant nappe was poorly 
known, although it was thought to be a decollement horizon of some 
extent.; Early attempts at description of a Midi fault in the subsurface 
(eg. Bouckaert et al., 1977; Geukens, 1981) have been superceded by the 
ECORS seismic programme 
The Ardennes comprise a number of small Caledonian basement 
massifs, surrounded and overlain by the Devonian to Carboniferous 
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sediments of the Dinant {northern Ardennes) and Eifel {southern 
Ardennes) synclines. Lying to the south of the Midi Thrust, they too 
are presumed to be allochthonous. Many previous studies have discussed 
the presence of some kind of discontinuity between these two regions: a 
major structural discontinuity between the relatively undeformed 
London-Brabant Massif and the folded and thrust sediments to the south 
such as those of the Ardennes. The relative paucity of sedimentary and 
structural evidence for this discontinuity particularly in the 
subsurface continues to leave many questions unanswered• 
s.2· Devonian to Carboniferous sedimentation in the Ardennes 
---
The rocks forming the Ardennes were deposited in a deep water 
basin which shallowed northwards to a broad platform on the southern 
side of the Brabant Massif. The m·arginal position led to considerable 
variations in thickness and facies between the development of the 
Devonian sediments in the Ardennes. 
During early Devonian times crustal tension and associated rapid 
subsidence caused a large sedimentary basin to develop to the south of 
the London-Brabant Massif. This basin is referred to as the Cornwall-
Rhenish Basin {Ziegler, 1978). Subsidence within the Cornwall-Rhenish 
Basin has l;>een documented by Matthews {1977) for Cornwall and south 
Devonshire, Bender et al• {1977) for the Rheinische Schiefergebirge and 
Alberti et alo (1977) for the Harz. 
During the Early to Middle Devonian, clastics were shed southwards 
into this basin from the London-Brabant Massif• Shallow water sands 
accumulated in shelf areas where they were in part trapped in small 
local basins• In the southern, deeper parts of the basin, Lower and 
Middle Devonian series are represented by thick black shale sequences. 
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In the Ardennes, more rapid subsidence and sedimentation in the south 
during the lower Devonian led to the deposition of basinal sediments 
7.;5km thick in the south, compared with 2km of proximal sediments in 
the north( Fig 8.1).; 
Block faulting of the basin floor and the accentuation of a number 
of fault-bounded sub-basins and intervening swells occurred in the 
Middle Devonian (Paproth, 1976).; In NW Europe, this Middle Devonian 
tensional phase was coeval with a regional marine transgression which 
extended northwards reaching the southern edge of the Brabant Massif 
du~ing the Givetian.; At this time clastic supply to the deeper parts of 
the Cornwall-Rhenish Basin was reduced.; During the Givetian, large 
reef-fringed carbonate platforms were established in shelf areas and on 
local highs (Krebs, 197 7).; Marine sedimentation,, with local terrigenous 
intercalations, was accompanied in part by bimodal submarine, spilite-
• keratophyre volcanism in the Harz (Flick, 1977, 1978).; Such bimodal 
volcanism has been interpreted as recording intracratonic tension 
(Martin and Piwinsky, 1972) and has been applied to the volcanic suites 
of the Cornwall-Rhenish Basin (Sawkins, 1978; Floyd, 1982). 
Middle and Upper Devonian sediments thin northwards e.;g.; 3.;5km of 
sediment ,in the south thin northwards to lkm.; These sediments include 
·-· 
numerous transgressive sequences.; There is a slight variation in 
palaeogeography and sedimentation during these stages. The Couvinian 
sedimentary ~equence records intercalated _redbeds, shales and 
conglomerates in the north and marine facies in the south. 
Extensional tectonics persisted throughout the Late Devonian and 
into Early Carboniferous times.; In axial parts of the Cornwall-Rhenish 
Basin carbonate deposition continued on local highs with only minor 
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amounts of clastic sediments reaching the basin from the north. 
During Late Devonian to Early Carboniferous.there was an 
increasing influx of clastic material derived from the south into the 
Rhenish trough (Bless et al., 1980). Late Visean Culm deposits are 
absent in the Ardennes and Saar areas. 
The Carboniferous outcrop in the Ardennes is less extensive and 
from north to south occurs across approximately 20km compared with 75km 
of Devonian outcrop.; Carboniferous sediments show only a slight 
increase in thickness from north to south across this region.; During 
the· Early Carboniferous (Dinantian) the northern continental shelf of 
the Cornwall-Rhenish Basin was occupied by a shallow marine carbonate 
platform with Waulsortian reefs which extended intermittently from 
Ireland to Poland (Schmidt and Franke, 1975). In more southerly parts 
of the basin, carbonate deposition on local highs was gradually 
' inhibited by continued subsidence.; Tholeitic basalts of Tournaisian and 
Visean ages are known to the east, in the Kellerwald and Harz areas to 
the east and exhibit continental affinities (Bender et al.;, 1977; 
Alberti et al.;, 1977). This phase of volcanism may represent a final 
major rifting phase affecting the southern parts of the Rhenish basin 
(Francis;,· 1970). 
The predominance of calcareous facies in the lower to middle 
Carboniferous indicates overall tectonic quiescence in the depositional 
environment i.;e.; on the continental shelfo In the Ardennes there is 
only evidence for carbonate platform sedimentation during the 
Carboniferous.; In the Rheinische Schiefergebirge to the east, the 
Dinantian sediments record rapid subsidence and deeper water 
sedimentation characterised by turbidites.; 
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By late Namurian times, sedimentation exceeded subsidence in the 
proximal parts of the basin.; This is illustrated in NW Germany by a 
gradual change from deeper water flysch to shallower water continental 
molasse-type deposition (Paproth and Teichmuller, 1961).; The basin was 
sufficiently filled so that during the Westphalian, continental paralic 
conditions with short lived marine incursions prevailed throughout the 
area.; Clastics were derived partly from the north, but mainly from 
rising mountains in the south (Bless et al.;, 1977).; 
8.;3 ECORS results and interpretations 
A series of geophysical projects to study the crust of NW Europe 
eg. ECORS, BIRPS, DEKORP has provided important new subsurface data 
(BIRPS/ECORS, 1986)• The ECORS project (ttude de la croute continentale 
et oceaniq~e par reflexion et refraction sismique) was initiated to 
study the deep geophysical properties of the continental and oceanic 
crust in France.; The first profile of vertical seiemic reflection 
covered 230km across north-eastern France• The 'Nord de la France' 
profile was devoted to the study of major units of Variscan structures 
in the northern Hercynian belt and of deep crust below the Mesozoic 
Paris Basin (Fig 8.2).; Gravity and magnetic studies have aided 
interpret,ations.; They also delineate the external shape of some bodies 
. -~. 
as overthrusting slabs• 
The results of the ECORS project have been presented at meetings 
and in various papers since 1984 (Fig 8.;3).; Three zones have been 
identified, based upon differing seismic characteristics.; These zones 
are interpreted as representing differentiation of structural units in 
the upper crust, their link with the lower crust and the depth and 
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geometry of the Moho. They give a fairly clear picture of the 
appearance of thrusts of the northern Hercynian chain and shot:~ 
variations in the structural pattern between different regions• 
The horizontal discontinuity along the Midi Thrust which had for 
so long been postulated, can be seen clearly, although the amount of 
movement is not clear. Variscan decollement is interpreted as rising 
northwards towards the outcrop of the Midi Thrust• The ECORS section 
shows that the Midi Thrust may not be the dominant thrust, nor is it 
always the frontal thrust• Dipping reflectors immediately above the 
decollement are interpreted as Variscan thrusts. The 'Dinant Nappe' is 
clearly shown as an assemblage of allochthonous Lower Palaeozoic to 
Carboniferous thrust slices. The Midi Thrust is a flat overthrust t:~hich 
is continuous from its surface outcrop for more than 90km at depth• The 
absence of seismic reflectors within the north,ern part of the section 
may be caused by folding and strongly dipping cleavage within the rock 
• (Cazes et al~ 1986). The Nappe overlies a suite of little deformed 
Palaeozoic para-autochthonous to autochthonous platform sediments 3-6km 
thick• Belot:~ these sediments, folded Precambrian and Lot:~er Palaeozoic 
rocks of the Caledonian Brabant block are interpreted. 
The Dinant Nappe comprises northward facing thrusts which have 
moved the folded and cleaved Ordovician to Lower Carboniferous rocks 
·-. 
along a decollement surface onto the predominantly Carboniferous 
sediments which overlie the Precambrian to Lower Palaeozoic Caledonian 
basement rocks• Stacked thrusts immediately to the south of the 
Variscan Front similar to those shown on ECORS have also been described 
to the south of Wales (Shackleton et al., 1982), in northern France 
(Cazes et al., 1986) and in northern Germany (Meissener et alo, 1984). 
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It is concluded that there are similarities in both the sedimentary and 
tectonic styles of the Variscan chain in northwest Europe. 
The presence of large horizontal displacements south of the 
Variscan Front has become apparent through these recent geophysical 
studies in the northern, external Devonian and Carboniferous basins 
(Julivert, 1971; Meissener et al., 1981; Teichmuller and Teichmuller, 
1979; Dvorak and Novotry, 1984) and in southern, internal parts of the 
Variscan chain (Arthaud et al.;, 1966; Mattauer and Etchecopar, 1976; 
Matte and Burg, 1981, Behr et al.;, 1984).; 
The central part of the seismic section (Fig 8.;3b) is interpreted 
as a zone of large southward dipping reflectors of Lower Palaeozoic and 
Precambrian rocks which form a set of imbricated thrusts representing 
the deep roots of the Dinant Nappe.; A mid:-crustal reflector is 
interpreted as the crustal decollement at 8km depth, with the Moho at 
• 37km depth (Cazes et al.;, 1986).; Sub-horizontal nappe structures have 
also been identified along this line of section in the Rhenish Massif 
(Meissner et al.;, 1984).; 
The Bray Fault, a late Hercynian feature, appears clearly in the 
middle section as an important discontinuity affecting the whole crust 
without significant vertical movement. It has been interpreted as a 
.. : 
shear zone related to the prolongation of a fault at depth (Arthaud and 
Matte, 1977; Dewey, 1982; Matthews and Cheadle, 1986)o Wide angle 
reflection data show no vertical displacement of reflectors across the 
fault. Cazes et alo (1985) interpreted magnetic anomalies in the 
central part of the section as wedges of magnetic material» possibly 
ophiolites, which might be equivalent to those of the Lizard.; 
Thrust emplacement was generally in a N-NE direction.; The depth to 
,. 
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the decollement horizon increases westwards through Britain and 
eastwards through Germany, producing a different fault pattern at the 
surface. 
The ECORS profile across the north of France suggests that a 
gradual stacking of thrusts occurred periodically from the end Devonian 
to upper Carboniferous with the major decollement occurring during the 
final ·stages of the Variscan Orogeny.; This might result in the 
juxtaposition of different facies.; Adjacent thrust slices show little 
lithological variation at the surface• However, these are commonly 
obscured by subsequent sedimentation.; A slightly thickened crust (Fig 
8.;3b) would be expected in such a compressional setting.; There are no 
signs of synsedimentary tectonics in Dinantian sediments, although 
plate responses to tectonic movements may have caused variations in sea 
level affecting both coastal palaeogeography and sedimentation • 
. 8.;4 Other features of the local tectonic setting 
There is no evidence for a major suture along the Midi Thrust or 
to the south of it in the Ardennes.; The Midi Thrust represents the most 
northerly thrust of the Variscan deformation in the Meuse Valley of 
Belgium.; There is no evidence for the former presence of an ocean or of 
. -~ 
its destruction, such as ophiolitic assemblages, across northern 
France-Belgium.; Much of the important rock record has been covered, 
eroded or caught up in the Alpine Orogeny. 
The Variscan Orogeny comprises many features which are now widely 
separated. There is a general lack of evidence for initial rifting or 
subduction.; There are rare signs of tension causing subsidence and 
volcanism, and compression, causing thrusting and folding. 
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The Variscan chain was thought to be devoid of ophiolites (Krebs, 
1977; Behr, 1978).; Recent rare earth geochemical studies have suggested 
that basic and ultrabasic rocks of the Variscan chain may indicate the 
former presence of ocean crust or back arc basins (Matte, 1986). The 
Lizard Complex and the Harz Mountains have been interpreted as 
ophiolites. 
Studies of the geochemistry of Hercynian basalts (Floyd, 1982) 
have led to the suggestion that the Rheno-Hercynian and Saxo-Thuringian 
zones (Stille, 1951) represent intraplate continental rifts, which due 
to limited spreading, never produced substantial oceanic lithosphere 
(Floyd, 1982). Early Devonian basalts with MORB or back-arc basin 
characteristics become more continental (Floyd, 1982). 
The tectonic character of the Variscan chain has been interpreted 
in many ways.; The main theories for the pattern of Variscan deformation 
in NW Europe involve closure of sea or ocean between the London-Brabant 
Massif and the Massif Central-Brittany landmasses.; The many different 
explanations for the southward dipping thrusts and ophiolites of the 
northern Variscan chain mostly involve either subduction or strike-slip 
motion.; 
The distance between the London-Brabant Massif and the Massif 
Central, i.e. the size of the Cornwall-Rhenish Basin, is unknown.; It is 
also uncertain whether oceanic crust had developed along the whole 
... 
length of the Cornwall-Rhenish Basin, or only locally, as in the Harz 
and Lizard areas.; The limited evidence of volcanism (bentonite 
horizons) and lack of ophiolites in the Ardennes leave few markers on 
which to construct a theory of evolution for the area. The Cornwall-
Rhenish Basin may represent a rift complex with a stretched continental 
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floor, which under extreme tension may have allowed the injection of 
ultramafic diapirs or the local development of oceanic crust (Dewey, 
1982). Signs of this rift may have been destroyed during subduction• If 
a suture occurred between the London-Brabant Massif and the Brittany-
Massif Central landmass it was some distance to the southwest. 
Some authors have explained basement evolution of this system in 
terms of thick skinned tectonics, involvirl'g large scale strike-slip 
motion (Arthaud and Matte, 1977; Autran and Cogne, 1980; Badham, 1982; 
Sanderson, 1984) while others have invoked thin skinned origins (Isaac 
et al.,l982; Shackleton et al., 1982; Shackleton, 1984; Coward and 
Smallwood, 1984) involving shallow d€collement and high amounts of 
shortening• Evidence for both hypotheses exists.; 
The idea of thin skinned tectonics is exemplified by the 
Appalachian chain, where movements of at least 200km along thrusts have 
been proposed• Extensive nappe displacements are well known from 
virtually all orogenic belts from Caledonian to Alpine-Himalayan 
systems; but in most cases the depth of the thrust plane is gradually 
being revealed by erosion. In the Appalachians decollement was caused 
by shortening in the crust following subduction and continental 
collision (Cook et al., 1979) • 
. . ~. 
The amount of displacement along the Midi Thrust is uncertain• 
Bless et al• (1980) suggested a minimum displacement of 40km along the 
Midi Thrust. The present study of the Carboniferous sediments to either 
side of the Midi outcrop has shown that the final stage of thrusting 
i.;e.; the Midi Thrust itself affected a platform which was deepening 
gradually to the south. The ECORS section is interpreted as showing 
thrusts stacked from the south and younging northwards (Cazes et al., 
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1986); thus the Midi Thrust represents the final movement along the 
decollement horizon in the Ardennes. Horizontal movement along the 
d~collement may have been reduced slightly by internal deformation 
within the thrust slices. There is no evidence that deeper water or 
basin environments existed between the nose of the Dinant nappe and the 
Namur sediments. This overthrust was first identified by miners who 
found productive coal {Westphalian) beneath the overthrust up to Skms 
south of the thrust near Mons. This is the only example of. Silesian 
sediments occurring underneath the Midi Thrust• Elsewhere this thrust 
overlies Caledonian basement and Silurian to Devonian rocks• There is 
little evidence for a larger horizontal displacement along the thrust. 
Modern platforms and ramps may be of great extent e.g. up to 300kms 
wide {Read, 1985). It is presumed that the maximum possible shortening 
was between the shoreline and the platform edge. If the Visean 
sediments are unfolded, a total of about 50-70km of Visean limestones 
are still exposed across the region. No section-balancing has been 
attempted during this study due to the lack of information. This 
research has described the Carboniferous sediments at outcrop, where 
later tectonic deformation is thought to have been Westphalian or post-
Westphalian• There is a similarity between the sediments around Namur 
·-' 
and those at the eastern end of the Dinant Region. This may be 
interpreted as evidence for some lateral movement along the Midi 
Thrust, possibly related to later reactivation of faults during the 
Mesozoic. There is also a striking similarity between sediments of the 
Namur and Dinant areas, which might be interpreted as meaning that 
little movement occurred along the Midi fault plane• A minimum 
displacement of about 20km is proposed for the Livian sediments 
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affected by the Midi Thrust• However, it is acknowledged that the 
similarity of deposits on extensive carbonate platforms may obscure the 
true size of the platform, which may have been much greater. 
8.6 Possible Evolution of the Ardennes 
A combination of thin-skinned and thick-skinned tectonics is 
presumed to have caused the present Variscan outcrop pattern in 
southern Belgium• A number of landmasses were involved in the Variscan 
Orogeny in northern Europe, including Brittany, Massif Central, Iberian 
Peninsula and the London-Brabant Massif. For any interpretation of the 
evolution of the deep structure, extrapolation to the Harz (east) and 
Lizard (west) areas is necessary to provide information of the rocks 
occurring farther south than is recorded in exposure in the Ardennes• 
There are certain fairly well established facts about the tectonic 
situation. A northern landmass was present, of which the London-Brabant 
Massif formed a passive southern margin.; The southern landmass 
incorporated what is now the Massif Central• Between these two 
landmasses lay a seaway, the Cornwall-Rhenish Basin, joining the Lizard 
and Harz areas. This may have had locally developed oceanic crust with 
associated marginal basins. 
At the. end of the Devonian, the Iberian Peninsula swung round and 
collided with the southwest of the Massif Central. A northward facing 
subduction zone removed the oceanic crust from between the two 
landmasses (Matte, 1986). Following the collision of these two areas» 
the Massif Central continued to move northwards tot:~ards the London-
Brabant Massif.; 
The formation of the Corn'l:tall-Rhenish Basin to the north of the 
Massif Central during the Devonian, records an extensional regime• 
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Variations along the basin led Barnes and Andrews (1986) to suggest the 
presence of an east-west dextral intracontinental transform system with 
local compression and extension. Local crustal thinning and pull-apart 
structures may have allowed oceanic lithosphere to form.; It is 
therefore proposed that a small rift complex was well developed to the 
south of the London-Brabant Massif. Small rift basins may have been 
separated by transform faults.; Oceanic lithosphere may have been formed 
along the whole length of· the rift, or locally within basins.; The 
subsequent closure of these small rift basins was apparently cryptic 
with rare obduction leaving ophiolite complexes in the Harz and Lizard 
regions.; 
Various authors have invoked strike-slip motion e.;g.Badham, (1982) 
or a southwards dipping subduction zone to tlle south of the Lizard, 
Ardennes and Harz to produce the features seen.; At the point of 
' continental collision compression continued producing mountains in the 
northern Massif Central and shortening of the upper crust. Crustal 
shortening initiated the northwards thrust stripping of Palaeozoic rock 
slices along one or more decollement horizons. 
It is presumed that the sediments forming the Dinant Nappe would 
have defO.rmed easily 9 particularly in comparison with the relatively 
rigid igneous and metamorphic rocks of the Massif Central.; 
This single detachment zone periodically and progressively moved 
rocks northwards through Devonian and Carboniferous times causing them 
to stack up on the foreland of the Brabant Massif.; From the seismic 
profiles it is not possible to identify the amount of movement along 
the Midi.; The decollement can be identified for at least 90km in the 
subsurface.; The sediments described in chapters 4, 5 and 6 need not 
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Fig 8.4 Geological Sketch Map of North European Variscides 
showhig the position and displacement of the proposed Bray dextral fault zone 
(after Holder and ·Leverldge, 1986) 
have formed lOOkms apart and therefore they need not have travelled 
distances up to lOOkms. Movement along the Midi Fault affecting the 
Carboniferous sediment seen at the surface, may only have been 20-JOkm• 
It can be seen from the available seismic interpretations that the Midi 
represents the greatest single movement, but that there are several 
other thrusts displacing sediments• 
Collision of the northern continental shelf with the Massif 
Central in the south produced a series of thin skinned thrust sheets 
which progressively overrode the foreland basin• These thrusts carried 
the· cooled Lizard Complex to its present position. In the development 
of the Lizard, it is thought possible that a southerly dipping 
subduction zone may have existed to the south of the Lizard Complex to 
allow the crustal convergence envisaged by Barnes and Andrews (1986). 
The ECORS results showed the significance of the Bray fault i.e. a 
discontinuity in the lower crust. It has been classed as the suture 
between the London-Brabant Massif and Massif Central (Cazes et al., 
1986). However, it has also been suggested that it acted as a right 
lateral shear, Fig 8.4 (Dewey, 1982; Holder and Leveridge, 1986). The 
latter idea would provide an explanation for the present outcrop 
pattern of the Variscan chain in northwest Europe. 
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Conclusions 
The Livian Formation sediments comprise numerous cycles 2-20m 
thick which are interpreted as being dominated by shallowing upwards 
sedimentary sequences.; Nine lithofacies have been identified within the 
Livian Formation, comprising three microfacies associations.; In each 
cycle a bioclastic microfacies association (Microfacies Association 1) 
occurs at the base.; It is overlain by a microbial-algal microfacies (MF 
2).; The upper parts of each cycle are dominated by a micritic-peloidal 
microfacies association (MF 3).; Cycle boundaries are poorly recorded 
and have been chosen at bedding planes which mark the transition from 
microfacies association 3 to microfacies association l.; Microfacies 
association 1 records submarine sedimentation below fair weather wave 
base on a shallow water carbonate platform.; Slight variations in the 
conditions on the platform are inferred from the variable bioclastic 
assemblages.; The overlying microfacies association 2 comprises a 
variety of stromatolitic and coated grain sediments which are 
interpreted as representing peritidal environments.; The sedimentary 
sequence is interpreted as shallowing through subtidal to intertidal 
facies; supratidal facies occur, but are rareo ''Peloidal-micritic 
sediments of microfacies association 3 may be interbedded with the 
components of MF2 or overlie MF2• MF3 may have formed behind the beach 
on the back of washover crests or in ponds or quiet lagoons with 
slighlty restricted water circulation.; 
The palaeogeography of the region has been reconstructed from 
studying variations in sedimentation across the area.; The proposed 
model is that of a gently inclined shallow water carbonate platform, 
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dipping south~ards from the Brabant Masaifo Immediately follo~ing a 
trangression, i.;e.; at times of high sea level stand, the margins of the 
Brabant Massif presently outcropping in the Meuse Valley. ~ere 
submerged belo~ wave base allo~ing the deposition of MFA l.; Farther to 
the north 1 the Brabant Massif remained subaerially exposedo A ridge 
extended from the eastern end of the Brabant Massif to~ards Aachen, to 
the north of the Vesdre region.; These highs acted as barriers to 
circulation bet~een the Namur-Vesdre-Dinant basin in the south and the 
Campine basin in the north.; 
At times of lo~ sea level, the margins of the Brabant Massif ~ere 
part of a broad 1 extensive peritidal areao Some parts. including 
shoals, ~ere open to moderately high energy currents or waves causing 
local accumulations of coated grains.; Else~here, varying conditions 
such as shallo~, quieter ~ater permitted the development of abundant 
stromatolites, ~ith coated grains being ~ashed in from adjacent areaso 
Supratidal areas were rarely subjected to desiccation and evaporation, 
limiting the development of mudcracks, evaporite minerals, fenestrae, 
etc.; A palaeogeography similar to that of the Recent tidal flat 
sediments of SW Andros Island, Bahamas, is envisaged; an area of little 
relief, cut by relatively small tidal channels and levees ~ith ponds 
and algal marsh between, forming the depositional environments behind a 
beach barrier.; To seaward, highs and lo~s i.;e• relatively energetic and 
quiet areas on the platform are presumed to have caused variations in 
sedimentation.; 
Sediments in the Dinant region indicate slightly deeper and 
quieter ~ater sedimentation, probably belo~.fair ~eather ~ave base.; 
Microfacies associations 2 and 3 are generally absento Local shoals or 
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channels provided faster moving water for the development of ooids• No 
evidence of subaerial exposure was observed in the southern Dinant• 
There are no signs of a break in slope in the platform sediments of the 
Dinant region. 
The rhythmic pattern of sedimentation is thought to be primarily 
due to depositional regression• Hercynian tectonics do not seem to have 
affected sedimentation during the Livian. Some volcanic ash bands are 
inferred from 'bentonite' horizons• These increase in thickness and 
abundance towards the east and their source is presumed to lie in that 
direction. 
The sedimentological observations made in this study have 
provided further evidence for the palaeogeographic and tectonic 
situation of this region during the Lower Carboniferous. The Visean 
sediments do not show great variations across the Midi Thrust in 
Belgium• They are presumed to have been deposited on the same platform 
which increased in depth gradually southwards• The effect of movement 
along the Midi Thrust was to juxtapose predominantly submarine 
sediments from below fair weather wave base (Dinant region) and near 
shore, peritidal deposits (Namur-Vesdre region). The Midi Thrust can be 
traced for at least 90km in the subsurface, on seismic section• Earlier 
movement along the thrust may have affected the Lower Palaeozoic rocks 
prior to the Carboniferous: post-Dinantian movement is not thought to 
have involved such large displacements• Since the original width of the 
platform is unknown, the amount of total displacement along the thrust 
is uncertain• A minimum of about 20km displacement is proposed on the 
Midi Thrust between the Dinant and Namur regions• 
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APPENDIX A 
POINT COUNT ANALYSES OF LIVIAN SEDIMENTS 
The following tables list point count percentage analyses for the 
Livian sediments in southern Belgium. 
Table 1 Dinant 
2 Anhee 
3 Lives 
4 Bomel 
5 St.; Servais 
6 La Mallieue 
7 Awirs 
8 Eng is 
9 Flemalle/Walhorn 
10 Disons 
Many of the bioclastic sediments were so badly altered that point 
counting of skeletal debris proved to be extremely difficult.; For this 
reason the results for many of the wackestone and mudstone sediments 
have not been included here.; The point count data records primarily 
MFl.;l-MFl.;4, since these are difficult to differentiate by optical 
methods alone.; The three ratios given compare the proportions of 
bioclasts in MF1.;2, 1.;3 and 1.;4.; 
A total of 600 point counts was made from each thin section, and 
the figures given below are percentages of the total count.; The ratios 
calculated are as follows: 
MF1.;2 a = 3+4+5 
1+2+3+4+5+7+8+9+10+11+12 
MF1.;3 b = 4+7 
1 +2+ 3+4+5+ 7+8+9+ 1 0+ 11+ 12· 
MF1.;4 c = 5 
1+2+3+4+5+7+8+9+10+11+12 
Bioclasts are recorded in the same order in each table.; 
* .indicates (1% present 
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Ql Q2 Q15 Q16 Ql7 
Brachiopod I 1 15 2 3 3 2 
1-----
I 
Mollusc I 2 17 3 4 6 1 
Foraminifera 3 10 21 6 7 42 
Echinoderms 4 10 13 19 20 6 
Calcispheres 5 26 23 28 15 18 
Micrite 6 15 25 29 34 29 
Beresdlid 
-) 
7 6 1 10 6 I 
Koninckopora 
~ 
--
-
Ostracods 8 1 1 1 
Corals 9 
Blue-green Algae 10 1 8 1 7 
* 
Red Algae 11 
Skeletal Debris 12 5 2 2 
.·: •. · MF 1.1 1.2 1.4 1.4 1.;2 
a 54 76 75 64 93 
b 19 19 41 39 59 
c 31 31 39 23 25 
c:a 57 41 52 36 27 
TABLE 1 
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1A1 1A2 A1 A4 AS A6 A7 A8 
----------------------------------------------------------------------I 
I 1 I 
1-----1 
I I 
I 2 I 
1-----1 
I I 
I 3 I 
1-----1 
I I 
I 4 I 
1-----
1 
I s 
1-----
1 
I 6 
1-----
1 
I 7 
1-----
1 
8 
9 
10 
11 
12 
MF 
a 
b 
c 
c:a 
9 4 23 13 10 23 52 
--------------------------------------------------------------
1 4 16 6 3 3 3 
--------------------------------------------------------------
19 34 13 4 
* 
2 2 
--------------------------------------------------------------
12 8 15 7 11 21 3 24 
--------------------------------------------------------------
4 30 12 14 2 8 2 
16 5 14 63 28 82 1 
37 22 1 13 9 4 
2 1 3 8 8 2 5 1 
7 
5 
2 4 
* 
3 
35 12 
' -~. 
1.;3 1.;2 1.;1 .lo1 1.;1 1.;1 1.;1 
42 76 47 25 38 43 17 28 
61 32 19 20 30 42 39 24 
5 32 14 14 5 11 2 
12 42 30 56 13 26 7 
--------------------------------------------------------------------
TABLE 2 
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A9 A19 A20 A21 A22 A26 A39 A38 
----------------------------------------------------------------------
1 I 
-----1 
I 
2 I 
-----1 
I 
3 I 
-----1 
I 
4 I 
-----1 
I 
5 I 
-----1 
I 
6 I 
-----1 
7 
8 
9 
10 
11 
12 
MF 
a 
b 
c 
c:a 
1 11 8 9 17 7 6 7 
1 2 4 2 
* 3 * 
--------------------------------------------------------------
28 18 11 20 6 11 24 
2 17 19 5 28 10 12 1 
19 8 6 7 6 16 9 
92 12 12 3 20 19 19 18 
1 24 66 2 40 20 22 
5 9 3 10 11 7. 7 
2 
* 
2 
* * * 
25 
·-· 
1.2 11.;2/1.31 1.;3 11.;1/1.21 1.;3 1.;1 
25 73 49 23 69 27 48 42 
25 20 49 73 38 62 40 28 
22 9 6 9 7 20 11 
30 18 26 13 26 42 26 
---------------------------------------------------------·-----------
TABLE 2 (cont.;) 
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130 132 133 134 135 136 138 139 
----------------------------------------------------------------------
1 I 
-----1 
I 
2 I 
-----1 
I 
3 I 
-----1 
I 
4 I 
-----1 
I 
5 I 
-----1 
I 
6 I 
-----1 
I 
7 I 
8 
9 
-·---
10 
11 
I 
12 I 
-----1 
3 6 9 8 10 11 11 5 
--------------------------------------------------------------
2 1 5 6 7 1 3 5 
--------------------------------------------------------------
8 14 4 14 11 10 7 12 
--------------------------------------------------------------
12 12 10 7 13 14 16 7 
2 6 4 6 9 9 8 15 
21 14 26 21 29 12 18 18 
40 29 40 22 18 17 19 12 
* 
1 1 1 1 1 3 1 
1 1 2 2 
1 2 
10 10 
--------------------------------------------------------------
MF 11•2/1~31 1.3 1.;3 1.;1 1.;1 1.;1 1.;2 1.;2 
--------------------------------------------------------------------
a 28 37 24 34 46 38 38 41 
b 66 48 67 37 44 35 43 23 
--------------------------------------------------------------------
c 2 7 5 8 13 10 10 18 
--------------------------------------------------------------------
c:a 7 19 21 24 28 26 26 44 
--------------------------------------------------------------------
TABLE 3 
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L40 L41 L42 L45 L46 L47 L58 L60 
----------------------------------------------------------------------
I 1 I 
1-----1 
I I 
I 2 I 
1-----1 
I I 
I 3 I 
1-----1 
I 
4 I 
-----1 
I 
5 I 
-----1 
I 
6 I 
-----1 
I 
7 I 
-----1 
I 
8 I 
I 9 
1-.. ---
1 
I 10 
1-----
1 
Ill 
1-----
1 
I 12 
1-----
MF 
a 
b 
c 
c:a 
4 19 18 7 10 18 15 11 
--------------------------------------------------------------
2 1 13 2 1 9 
--------------------------------------------------------------
9 1 9 
* 
1 7 7 
21 8 13 1 3 14 7 12 
13 20 13 12 8 1 4 13 
25 42 27 28 30 60 43 44 
5 3 9 5 3 5 22 8 
1 
* * 
1 
4 2 28 27 
. : 
1.;2 1.1 1.;4 1.;3 
57 50 48 22 17 38 32 57 
35 19 30 8 9 48 35 36 
17 35 18 17 11 2 23 23 
30 70 38 77 65 5 72 40 
TABLE 3 (cont.) 
348 
L61 L62 L63 L64 
----------------------------------------------------------------------
I 1 I 
1-----1 
I I 
I 2 I 
1-----1 
I I 
I 3 I 
1-----1 
I I 
I 4 I 
1-----1 
I I 
I 5 I 
-----1 
I 
6 I 
-----1 
I 
7 I 
-----1 
I 
8 I 
-----1 
I 
9 I 
-.,---1 
I 
10 I 
-----1 
I 
11 I 
-----1 
I 
12 I 
-----1 
MF 
a 
b 
c 
c:a 
15 10 15 21 
--------------------------------------------------------------
5 2 9 4 
--------------------------------------------------------------
9 13 7 6 
--------------------------------------------------------------
7 4 14 17 
9 12 12 9 
--------------------------------------------------------------
42 27 19 28 
9 28 17 7 
1 2 3 2 
2 
1 
* 
1.;1 1.;1 1.;1 
43 40 41 44 
28 44 38 33 
16 16 15 13 
37 40 37 2.9 
--------------------------------------------------------------------
TABLE 3 (cont.;) 
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1B1 1B3 1B4 1B6 B154l B155 B156 
----------------------------------------------------------------------
I 1 I 
1-----1 
I I 
I 2 I 
1-----1 
I I 
I 3 I 
1-----1 
I I 
I 4 I 
1-----1 
I I 
5 I 
-----1 
I 
6 I 
-----1 
I 
7 I 
-----1 
I 
8 I 
-----1 
I 
9 I 
-·---1 
I 
10 I 
-----1 
I 
11 I 
-----1 
I 
12 I 
-----1 
MF 
a 
b 
c 
c:a 
8 12 7 7 7 10 9 
--------------------------------------------------------------
2 
* 
2 4 7 
--------------------------------------------------------------
7 3 5 6 5 9 12 
--------------------------------------------------------------
16 18 17 12 24 10 14 
--------------------------------------------------------------
10 3 1 10 2 9 16 
45 35 22 53 5 13 14 
9 30 45 4 38 8 16 
2 
* 
1 2 1 
* * 
3 1 
1 
* 
! : 
1.;1 1.;1 1.;2 1.;3 1.;1 1.;1 
60 37 29 60 33 32 49 
45 74 79 34 65 21 35 
18 5 1 21 2 10 19 
30 14 3 35 6 31 39 
TABLE 4 
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I ST1 I ST2 I ST8 I ST9 I ST10 I ST11 I ST12 I ST13 I ST22 I 
----------------------------------------------------------------------
I 1 I 11 I 7 I 3 I 21 I 8 I 7 I 20 I 22 I 16 1 
1-----1 --------------------------------------------------------------
1 I 
121714171-1613141512 
1-----1 --------------------------------------------------------------1 I 
I 3 I 9 I s I 12 I 4 I 18 I 9 I 12 I 6 I 18 I 
1-----1 --------------------------------------------------------------1 I 
I 4 I 7 I 15 I 14 I 15 I 5 I 8 I 12 I 12 I 20 I 
1-----1 --------------------------------------------------------------
1 I 
I 5 I 9 I 6 I 13 I 4 I 18 I 6 I 18 I 6 I 6 
1-----1 --------------------------------------------------------------1 I 
· I 6 I 35 I 20 I 47 I 15 I 37 I 25 I 38 I 46 I 21 1 
1-----1 --------------------------------------------------------------
1 I 
I 7 I 20 I 40 I 24 I 1 I 19 I 56 I 6 I 22 I 4 
1-----1 --------------------------------------------------------------
1 I 
18131-1-1-11 I* I~ 1-1-
1-----1 --------------------------------------------------------------
1 I 
I .9 I - I 4 I 1 I 8 I - I 3 I 4 I - I 1 
1-----1 --------------------------------------------------------------
1 I 
I 1o I - I 3 I - I 8 I - I - I - I - I 2 
1-----1 --------------------------------------------------------------
1 I 
I 11 I 2 I 6 I - I 4 I 1 I 1 I 4 I - I 3 
1-----1 --------------------------------------------------------------
1 I 
I 12 I - I - I - I - I - I - I - I - I -
1-----1 --------------------------------------------------------------
MF I 1.1 I 1.3 I 1.2 I 1.1 I 1.2 I 1•3 I 1.1 I 1o1 I 1.2 I 
a I 38 33 74 27 65 31 68 44 81 
b I 41. 69 72 19 38 85 29 63 44 
c I 14 8 25 5 29 8 29 11 11 
c:a I 37 24 34 18 45 26 43 25 14 
TABLE 5 
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LM17 LM21 LM22 LM20 LM19 LM16 LM15 LMll LM10 
----------------------------------------------------------------------
1 
2 
3 
4 
5 I 
-----1 
I 
6 I 
7 
1-----
8 
9 
10 
11 
12 
MF 
a 
b 
c 
c:a 
1 3 3 11 9 11 4 4 23 
11 1 3 2 6 4 3 
--------------------------------------------------------------
17 20 9 1 3 
4 29 23 7 1 1 2 8 
14 28 7 22 5 13 
30 13 14 57 28 70 8 41 25 
4 6 1 
1 1 1 
35 2 18 7 7 
2 3 
12 4 52 
2.;2 lo3 lo2 lol lo4 lol lo4 lol 1.;1 
69 83 53 33 5 20 13 
61 34 19 3 2 13 
16 33 16 31 4 14 
23 40 30 94 70 
TABLE 6 
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X21 X23 X24 X25 X26 X27 X28 X29 
---------------- --·----------------------------------------------------
1 I 
-----1 
I 
2 I 
-----1 
I 
3 I 
-----1 
I 
4 I 
-----1 
I 
5 I 
-----1 
I 
6 I 
7 
8 
9 
10 
11 
12 
MF 
a 
b 
c 
c:a 
1 10 7 5 13 11 20 9 
--------------------------------------------------------------
3 1 7 4 
--------------------------------------------------------------
10 6 15 19 11 23 11 3 
--------------------------------------------------------------
39 6 26 34 9 17 4 
* 
--------------------------------------------------------------
6 14 18 25 14 31 28 29 
34 35 12 5 12 3 22 30 
8 1 5 6 3 2 1 1 
1 8 1 1 3 
1 1 2 
16 11 1 1 9 
1.;3 1.;6 1.;2 1.;2 1.;6 1.;2 1.;1 1.;6 
83 40 67 82 39 73 55 46 
71 11 35 42 14 20 6 1 
9 22 20 26 16 32 36 41 
10 55 30 32 41 44 65 89 
TABLE 7 
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X30 X31 X85 X86 X87 
----------------------------------------------------------------------
1 I 
-----1 
I 
2 I 
-----1 
I 
3 I 
-----1 
I 
4 I 
-----1 
I 
I 5 I 
1-----1 
I I 
I 6 I 
1-----1 
I I 
I 1 I 
1-----1 
I I 
I s I 
-----1 
I 
9 I 
-----1 
I 
1o I 
-----1 
I 
11 I 
-----1 
I 
12 I 
-----1 
MF 
a 
b 
5 9 6 9 3 
--------------------------------------------------------------
2 6 1 8 
--------------------------------------------------------------
1 10 5 4 25 
--------------------------------------------------------------
1 11 9 6 7 
15 28 6 8 3 
47 33 51 47 15 
21 14 37 
1 3 1 1 
11 
29 
* 
l.;l l.;l 1.;3 Ll 1.;3 
32 73 41 34 41 
2 16 61 38 52 
--------------------------------------------------------------------
c 28 42 12 15 3 
--------------------------------------------------------------------
c:a 87 58 30 44 9 
TABLE 7 
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E2 E3 E5 E24 E25 E26 E27 E28 
----------------------------------------------------------------------
I 1 I 
1-----1 
I I 
I 2 I 
1-----
1 
I 3 
1-----
1 
I 4 
1-----
1 
I 5 
1-----
1 
I 6 
1-----
1 
I 1 
1-----
1 
I 8 
1-----
1 
I 9 
1-----
1 
I 10 
1-----
1 
Ill 
1-----1 
I I 
I 12 I 
1-----1 
MF 
a 
b 
c 
csa 
9 8 31 4 8 10 7 
--------------------------------------------------------------
5 2 12 1 3 2 6 
--------------------------------------------------------------
3 8 1 7 10 5 
--------------------------------------------------------------
3 19 1 11 17 6 4 7 
20 5 3 10 8 12 5 
43 26 33 61 28 35 35 42 
-----------------~--------------------------------------------
12 25 4 27 26 21 27 
1 1 1 
5 
* 
13 
6 15 2 3 1 
7 
1.;1 11.;1/1.;31 1.;1 1.;1 1.;3 1.;3 1.;1 1.;3 
46 43 7 47 37 25 29 
26 59 7 61 49 38 59 
35 7 4 14 12 18 9 
76 16 57 30 32 72 30 
TABLE 8 
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FHO FH14 FH13 FHll WH10 WHll WH18 
----------------------------------------------------------------------
I 1 I 
1-----1 
I I 
I 2 I 
-----1 
I 
3 I 
-----1 
I 
4 I 
-----1 
I 
5 I 
-----1 
I 
6 I 
-----1 
I 
7 I 
8 
9 
10 
11 
12 I 
6 5 6 6 4 10 7 
--------------------------------------------------------------
1 2 1 2 4 
--------------------------------------------------------------
13 6 5 1 9 14 23 
--------------------------------------------------------------
22 22 23 6 10 27 35 
--------------------------------------------------------------
9 5 6 6 6 16 19 
5 25 26 27 52 27 3 
2 30 22 6 2 9 
* 
1 1 1 3 3 
1 
13 1 4 13 -I 
-----1 --------------------------------------------------------------
MF 1.;1 1.;3/1.;1 Ll 1.;1 1.;2 1.;2 
a 46 44 46 18 52 78 79 
b 25 69 61 16 25 37 45 
c 9 7 8 8 13 22 20 
c:a 20 16 17 44 24 28 25 
TABLE 9 
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DS1 DS2 DS5 DS6 DS7 DS9 
----------------------------------------------------------------------
I 1 9 7 3 16 7 3 
1-----
--------------------------------------------------------------
1 
I 2 11 8 4 9 5 13 
1-----
--------------------------------------------------------------
1 
I 3 9 8 2 12 9 11 
1-----
--------------------------------------------------------------
1 
I 4 4 8 8 19 17 12 
1-----
1 
I 5 8 15 2 13 9 51 
1-----
1 
I 6 9 5 35 5 6 8 
7 48 37 44 ·I 25 15 
8 2 2 1 
9 2 29 
10 3 
11 2 3 2 
12 
MF 1.3 1.;1 1.;3 l.;l l.;l 1.;4 
a 23 33 18 46 37 80 
b 57 47 80 46 34 13 
c 9 16 3 14 10 55 
--------------------------------------------------------------------
c:a 38 48 17 30 27 69 
--------------------------------------------------------------------
TABLE 10 
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APPENDIX B 
X-RAY DIFFRACTION ANALYSIS 
Two methods of sample preparation were used for the X-ray investigation 
of the clay samples.; 
Firstly, a non-orientated mount was prepared for semi-quantitative 
bulk mineral analysis by smearing the sample, which had previously been 
mixed with an internal standard called boehmite, (10% by weight), after 
the method of Griffin (1954) onto a glass slide with acetone. 
Secondly, an orientated mount was prepared to investigate the clay 
minerals present by dispersing the sample in a beaker of distilled 
water, transferring the clay suspension to another beaker and allowing 
the clay minerals to settle onto a glass slide, ·placed at the bottom of 
the beaker, during evaporation. 
The sample mounts were then introduced into a Philips PW1130 2 
Kilowatt generator-diffractometer using Cobalt K~ radiation operating 
at 40KV, 20mA. The conditions used during analysis were: 
slits for bulk analysis; divergent 1° receiving o.t scatter t 
slits for clay analysis; divergent 0.;5° receiving O.f scatter 0.;5° 
• ~ 0 
together with a goniometer scan speed of 1 of 29/min, a chart speed of 
lOmm/min and a sealed proportional detector utilising pulse height 
analysis.; X-ray diffraction scans were produced from 1° 29-3cf 2€1 for 
clay analysis and 5° 29-75' 2efor bulk analysis.; 
The mineral phases present were identified using the standard 
J.;C.P.D.s. index (Joint Committee for the Powder Diffraction Standards, 
1974), Thorez (1975) and Brindley and Brown (1980). To identify the 
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individual clay phases present a number of specialised tests were 
carried out on the orientated samples e.g. treatment with ethylene 
glycol, heating following the methods of Thorez (1974). 
Semi- quantitative estimates were made on the clay and clastic 
minerals present using calibration charts of the ratio of the area of 
mineral diffraction peak to the area of the boehmite internal standard 
diffraction peak (available at the Department of Geological Sciences, 
University of Durham) against the concentration of the mineral in 
question. 
The results of the clay mineral analysis are shown on the 
following pages • 
. . ~ 
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Awirs V2bB "clay· 
oriented 
oriented glycolated 
·.' 
oriented 10'!1. HCI 
no kaolinile, no chlori1e 
360 
Anhee V2bB "clay· 
oriented 
oriented gtycolated 
.: 
361 
Eng is Grande Breche red matrix 
oriented 
oriented glycolated 
,_. 
I 
362 
I 
I 
I 
m I c 
Walhorn 
oriented 
glycols ted 
·-: 
Bomel V2b8 'clay' 
oriented 
oriented glycolated 
V2bB 'clay' 
! 
c 
~ 
0 
E 
c: 
0 
E 
I 
~ 
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St. Servais V2bB "clay· 
oriented 
oriented glycolated 
~ 
·c 
~ 
0 
E 
c: 
0 
E 
7t' 
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"C 
~ 
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APPENDIX C 
STABLE ISOTOPE ANALYSIS 
The method of sample preparation and analysis of carbon and oxygen 
stable isotope composition from carbonates is standard and based on 
McCrea (1950) and Craig 0957).; The technique involves the extraction 
of co2 from carbonate samples and measurement of its isotopic 
composition by mass spectrometry. 
Samples were pre-selected during thin section petrography. 
Component samples were dissected from thin section. Samples weighing 
less than 3mg were reacted with lml of 100% phosphoric acid. 100% 
phosphoric acid was prepared by adding P2o5 to AnalaR orthophosphoric 
acid (80-85%). Following evacuation of reaction vessels and 
equilibration of tempreatures of 25°C!O.J., sample.s were reacted with the 
acid over a few hours until the reaction was completed.; Laboratory 
standards, calibrated to the international standards PDB and SMOW, were 
prepared in the same way and included in each batch of samples to be 
analysed.; This allowed each run to be monitored and sample values to be 
calibrated to the PDB scale. 
Following extraction, the evolved co2 was analysed on a V.;G.; 
isogas ~ira 12 and V.;G.; micromass 903 triple collector mass 
spectrometer. Raw data, [, 45 and b46 ratios were corrected for mass and 
instrumental effects (after Craig, 1957 and Deines, 1970) by on line 
computer and final results given in b-notation relative to the PDB 
standard. 
& 0 I 00 = (RX/RS -1) X 1000 
where R = 13c;12c or 18o;16o for sample (X) and standard (S) 
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Additional corrections are necessary to take account of the 
temperature dependent fractionation of oxygen isotopes, which occurs 
between solid and evolved co2 (see Friedman and O'Neil, 1977).; 
Operation precision was monitored by duplicated analyses of the 
laboratory calcite standard (MCS) and the following data obtained 
(n=6) 2tr,.., 
o;,_, rn. 
?; l3c = 
-0.;697 ... 0.;011 0.;009 
-
& 180 = -9.;177 :. 0.;029 0.;024 
The sample size is particularly small and the statistics may be not be 
representative.; Stable isotope data presented are in parts per thousand 
on the PDB scale.; 
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STABLE ISOTOPE COMPOSITION FOR SELECTED COMPONENTS 
% PDB 
Sample number and description ~·2c ~·~o 
Lt.118 fibrous calcite 2.41 -5.303 
Lt.118 fibrous calcite 2.41 -5.273 
Lt.118 fibrous calcite 2.42 -5.336 
Lt.118 fibrous calcite 2.22 -5.426 
Lt.118 adjacent micritic laminae 1. 396 -7.615 
Lt.118 adjacent micritic laminae 1. 315 -7.813 
1L60 fibrous calcite 2.151 -5.862 
1L60 fibrous calcite 2.188 -5.841 
1 L60 adjacent micritic laminae 2.139 -6.655 
1 L60 adjacent micritic laminae 2.152 -6.629 
WH31 fibrous calcite 0.542 -8.771 
WH31 fibrous calcite 0.463 -8.713 
WH31 fibrous calcite 0.299 -8.789 
WH31 adjacent micritic laminae 0.677 -9.666 
WH31 adjacent micritic laminae 0.681 -9.123 
845 fibrous calcite 2.075 -9.254 
845 fibrous calcite 2.098 -9.197 
845 adjacent micritic sediment 1. 225 -9 .925 
X22 
. : 
equant spar 0.972 -14. 120 
X22 fenestral I imestone -0.033 -13 208 
X 55 equant spar -0.310 -8.975 
X 55 s t rom at o I i t i c micrite -1.034 -9.305 
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APPENDIX D 
ELECTRON MICROPROBE ANALYSIS 
Electron microprobe investigation provided supporting evidence for 
concentrations of Ca, Mg, Fe, Sr and Mn ions.; Carbon coated polished 
mounts were prepared from selected samples and analyses were carried 
out using a Cambridge Instruments Geoscan electron probe microanalyser.; 
The probe was operated at an accelerating voltage of 20kV and probe 
current of SOnA.; Data was processed on line using a ZAF correction 
procedure.; The standards used for calibration during analysis were 
Ca 
Mg 
Sr 
Fe 
Mn 
wollastonite 
periclase 
celestine 
iron metal 
rhodonite 
Analysis totals were low (92-98%) due to the decomposition of co3 under 
the electron beamo the following detection limits and counting errors 
were recorded: 
Mg 
Sr 
Fe 
Mn 
DL 
300 
200 
200 
200 
368 
counting error 
+800 
+80 
+170 
+90 
PROBE ANALYSES FOR Ll ~ESTONE COMPONENTS 
Wt % 
Co Mg Fe ~n Sr 
cavity f i I I i ng, fibrous calcite 99.21 1. 86 0.04 0.03 0.01 
(MF2.4) 
99.23 1. 87 0.03 0.02 0.05 
99.23 2.07 0.04 0.02 0.05 
99.21 2.52 0.06 0 0.08 
99.27 1.20 0.02 0.02 0.04 () 
peloidal micrite 97.43 0.45 0.04 0.04 0.07 
calcite spar 98.82 1 .57 0.04 0.09 0.04 
bioclastic grainstone, (MF1 . 1) spar 98. 16 1. 72 0.11 0 0.05 
cov i t y f iII i ng, fibrous calcite 98.78 1. 15 0.04 0.04 0.03 
(MF2.4) 
peloidal micrite 98.89 1 .00 0.07 0.03 0.04 
calcite spar 98.78 1.13 0.07 0.01 0.05 
bryozoan reef, fibrous calcite 98.95 1 .04 0.02 0 0.03 
cavity spar 99.18 0.81 0 0 0.06 
baroque do I om i te (MF1.1) 57.29 49.75 0 0.06 
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